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Abstract 


The  apparent  lack  of  techniques  for  performing  tension-compression  fatigue  of 
MMCs  has  resulted  in  a  significant  gap  in  the  ftitl  characterization  of  the  damage 
mechanisms  associated  with  this  promising  new  class  of  engineering  materials.  This 
research,  the  first  load-controlled  fully-reversed  fatigue  testing  to  be  performed  on  a 
MMC,  seeks  to  extend  the  existing  knowledge  of  fatigue  damage  mechanisms  to  include 
the  tension-c(»npression  loading  condition  required  fcx*  full  characterization  of  the  MMC 
damage  mechanisms.  To  accomplish  this,  the  deformation  mechanisms  in  a  [O/QOJj, 
SCS-6/Ti-lS-3  metal  matrix  composite  were  investigated  under  tension-tension  fatigue  at 
room  temperature,  and  tension-compression  fatigue  at  both  room  temperature  and  427°C. 
Stress  and  strain  data  was  taken  to  evaluate  the  macro-mechanic  behavior  of  the  material. 
Additionally,  microscopy  and  fhictography  were  performed  to  characterize  the  damage  on 
a  r  ...,ro-mechanic  level. 

Several  milestones  were  overcome  just  to  perform  the  tension-compression  fatigue 
tests,  and  thus  are  significant  contributions  to  the  future  of  tension-compression  testing. 
First,  a  dogbone  specimen  was  designed  with  a  58  percent  area  reduction  in  the  gage 
length  and  consistently  produced  the  desired  gage  length  failures.  Additionally,  a  buckling 
guide  was  designed  for  use  in  the  tension-compression  fatigue  tests  \^ich  successfully 
prevented  excessive  specimen  buckling  while  also  allowing  the  specimen  to  strain  in  an 
unrestricted  manner.  Although  several  buckling  guide  designs  have  been  used  successfully 
in  monotonic  testing,  the  AFIT  buckling  Guide  is  the  first  of  its  type  to  be  used  in  fatigue 
testing. 

On  a  maximum  applied  stress  basis,  the  room  temperature  tension-tension 
specimens  had  longer  fatigue  lives  than  the  room  temperature  tension-compression 
specimens.  The  room  and  high  temperature  tension-compression  fatigue  lives  were  nearly 
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identical  in  the  fiber-dominated  high  stress  region  of  the  SN  curve.  However,  the 
increased  ductility  and  diffused  plasticity  of  the  titanium  matrix  at  427’C  delayed  die  onset 
and  severity  of  matrix  cracking,  and  thus  increased  the  fatigue  lives  in  the  matrix 
dominated  region  of  the  SN  curve.  In  all  cases,  matrix  damage  initiated  at  reactimi  zone 
cracks  which  nucleated  both  matrix  plasticity  and  matrix  cracking. 


INVESTIGATION  OF  TENSION-COMPRESSION  FATIGUE  BEHAVIOR  OF  A 
CROSS-PLY  METAL  MATRIX  COMPOSITE  AT  ROOM  AND  ELEVATED 

TEMPERATURES 

/.  Introduction 

The  performance  requirements  of  the  next  generation  of  aircraft  demand  materials 
that  are  lightweight  and  have  high  stiffness  and  strength  characteristics  at  the  elevated 
temperatures  to  which  they  will  be  subjected.  The  mcxiotonic  metals  that  have  been  used 
for  these  applications  in  the  past  do  not  meet  these  increased  strength  and  stiffness 
requirements.  However,  Metal  Matrix  Ctxnposites  (MMCs),  metal  alloys  reinforced  with 
high  strength  and  stiffiiess  fibers,  have  been  fcnind  to  meet  these  requirements. 

MMCs  have  the  advantages  of  high  strength,  elastic  modulus,  toughness  and  impact 
properties.  They  have  a  low  sensitivity  to  temperature  changes  and  thermal  shock,  and 
have  shown  a  high  surface  durability  and  sensitivity  to  surface  flaws  (SO;  3).  These 
advantages  make  them  attractive  for  use  in  the  demanding  environments  mentioned  above. 
One  particular  MMC,  a  titanium  alloy  matrix  rdnforced  with  silicon  carbide  fibers 
(SCS-6/Ti-lS-3)  is  a  good  model  for  these  applications.  This  MMC  system  is  analyzed  in 
the  current  research. 

However,  before  structures  can  be  designed  using  MMCs,  their  deformation  and 
failure  mechanisms  in  the  environments  to  which  they  will  be  subjected  must  be  fully 
characterized.  Although  a  significant  amount  of  research  has  been  conducted  for  this 
material  in  mtxiotonic  tension  and  compression  loading  (25, 28, 29, 37),  and  a  smaller 
amount  on  the  tension-tension  fatigue  loading  (21,  34),  there  is  an  extreme  lack  of 
research  in  the  area  of  tension-compression  fatigue  loading.  The  reason  fn*  this  lack  of 
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research  is  that  most  MMCs  are  fabricated  in  thin  sheets,  the  form  most  likely  to  be  used 
in  aircraft  applicatitms.  These  thin  composites,  udien  placed  under  ctxnpressive  loading, 
are  susceptible  to  premature  failure  due  to  buckling.  Thus,  to  perform  compressive 
fatigue  testing  on  this  material,  some  type  of  guide  is  needed  which  prevents  die  specimen 
from  buckling,  but  which  does  not  impart  additional  strength  to  the  specimen.  Although 
several  guides  of  this  type  have  been  reported  for  use  in  static  loading  (29:49),  none  exist 
for  use  in  the  fatigue  loading  case. 

This  lack  of  testing  techniques  has  resulted  in  a  severe  lack  of  information  about  the 
behavior  of  MMCs  in  a  loading  condition  of  great  practical  imptxiance.  For  examine,  die 
wing  skins  of  aircraft,  due  to  the  bending  of  the  wing,  are  subjected  to  tension- 
compression  fatigue,  the  leading  edges  of  which  can  experience  very  high  temperatures. 
Components  of  the  wing  have  also  been  known  to  undergo  tension-compression  fatigue. 
Rich,  Pinkert,  and  Christian  reported  that  the  wing  upper  spar  cap  of  the  F- IS  fighter 
lurcraft  developed  fatigue  cracks  during  flight  due  to  tension-compression  loading 
(19:243).  Additionally,  most  published  metals  fatigue  data  is  based  on  fully-reversed 
loading  (6:9).  Thus,  it  is  necessary  to  obtain  the  same  type  of  fatigue  data  for  MMCs. 

This  is  the  focus  of  this  study. 

This  research  investigates  the  behavior  of  the  [0/90)2,  cross-ply  laminate  of 
SCS-6/Ti-lS-3  MMC  in  tension-compression  fatigue  loading  at  both  room  temperature 
and  an  isothermal  elevated  temperature  of 427**  C.  To  accomplish  this,  fatigue  tests  were 
performed  under  three  loading  conditions:  tension-compression  at  room  temperature 
(TC  RT),  tension-compression  at  427®  C  (TC  HT),  and  tension-tension  at  room 
temperature  (TT  RT).  The  TT  RT  tests  enabled  conclusions  to  be  made  on  the  effects  of 
tensitxi-compression  fatigue  based  on  comparisons  between  the  TC  RT  and  TT  RT 
loading  conditions.  All  fatigue  tests  were  performed  in  load  contrd  at  a  loading  frequency 
of  10  Hertz  (Hz),  which  is  common  in  the  literature.  The  tension-tension  tests  had  a  load 


2 


ratio,  R,  of  0.1,  while  the  tension-ctMnpression  tests  had  a  load  ratio  of -1.  These  load¬ 
time  rdationships  are  shown  in  Figs.  1  and  2. 

As  previously  mentioned,  premature  failure  due  to  buckling  is  a  concern  whra 
conducting  compressitxi  testing.  For  this  reason,  an  Euler  buckling  analysis  (Appendix  A) 
was  performed  to  determine  the  buckling  length  of  various  length  specimens.  A  2.54  cm 
(1  in.)  gage  length  specimen  length  was  chosen,  which  was  two  to  six  times  less  than  the 
Euler  buckling  critical  lengths  for  the  stress  levels  required  during  testing.  No  buckling 


Figure  1 .  Tension-Tension  Load-Time  Relationship,  R  =  0. 1 


Figure  2.  Tension-Compression  Load-Time  Relaticxiship,  R  ==  -1 
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was  observed  during  all  tests  in  this  study  whoi  this  gage  lengdi  was  employed  at  room 
tempoature. 

This  2.54  cm  gage  length,  however,  did  not  provide  sufficient  room  between  the  te^ 
stand  load  transducer  and  cross-head  for  the  quartz  heat  lamps  whidi  were  needed  to  heat 
the  specimens  for  the  devated  temperature  tests.  Thus,  a  heat  nozzle  attachment  was 
designed  which  funneled  the  radiant  heat  down  to  a  1 .90S  cm  (3/4  in.)  outlet,  which 
required  a  nominal  specimen  gage  length  increase  to  4. 125  cm  (1  5/8  in.).  Initial  elevated 
temperature  tests  revealed  that,  although  the  static  strength  and  modulus  of  the  material 
decreased  at  427°  C,  the  tension-compresaon  fatigue  life  actually  increased.  Additimially, 
the  two  TC  HT  specimens  which  were  tested  using  the  heat  nozzles  failed  outnde  the  heat 
zone,  hficroscopic  evaluation  revealed  that  within  the  very  localized  heat  zone  (Fig.  3) 
caused  by  the  nozzles,  no  matrix  cracking  msted.  However,  matrix  cracking  began  just 
outside  the  heat  zone,  and  became  worse  with  increased  distance.  It  was  within  these 
highly  cracked  r^ons  of  the  specimen  that  the  first  two  failures  occurred.  It  was  evident 
that  the  increased  temperature  caused  the  matrix  to  become  more  ductile,  drastically 
reducing  the  matrix  damage  which  at  some  stress  levels  dominated  specimen  failure. 


Figure  3.  Localized  Heat  Zone  on  Specimen 


The  inability  of  the  heat  nozzles  to  heat  the  entire  specimen  caused  a  thermal 
gradient  on  the  specimen  >^ch  caused  failure  outside  the  region  of  interest.  Thus,  the 
next  logical  step  was  to  heat  the  entire  specimen,  in  which  the  thermal  gradient  would  be 
eliminated,  and  the  specimen  failure  would  dien  characterize  that  of  the  devated 
temperature.  However,  the  equipment  needed  for  this  type  of  a  test  was  not  available. 
Thus,  a  less  localized  heat  zone  was  needed  which  would  heat  as  much  of  the  ^)ecimai  as 
possible.  To  accommodate  the  full  vertical  length  of  die  heat  lamps  which  would  provide 
this  extended  heat  zone,  the  test  stand  grips  had  to  be  ftirther  apart.  This  required  a  much 
longer  specimen,  which  would  surely  buckle  under  the  compressive  loads. 

To  avoid  premature  specimen  failure  due  to  both  the  matrix  cracking  caused  by  the 
temperature  gradient  and  the  buckling  caused  by  the  required  increased  gage  length,  a  new 
specimen  geometry  and  buckling  guide  were  developed.  A  dogbone  specimen  geometry 
was  designed  with  the  expectation  that  a  reduced  area  in  the  heated  gage  length  would 
induce  the  failure  to  occur  there.  Since  it  was  not  known  how  much  stronger  the  material 
was  at  elevated  temperature,  a  drastic  area  reduction  was  desired  to  ensure  heat  zone 
failure.  The  heat  lamps  were  then  used  without  nozzles,  increasing  the  heat  zone  area, 
which  further  increased  the  possibility  for  failure  in  the  gage  section.  Thus,  the  dogbone 
design  was  selected  with  a  58  percent  width  reduction  in  the  center  gage  length.  This 
design  involved  tradeoffs  betweoi  maximum  width  reduction  and  maximum  radius  of 
curvature  at  the  shoulder  of  the  dogbone,  since  small  shoulder  radii  could  cause  failure 
due  to  the  localized  high  shear  stress  (S3 ;  1 ).  A  unique  buckling  guide  was  also  designed 
for  specific  use  in  fatigue  loading  with  the  dogbtme  specimens.  Use  of  the  dogbone 
specimens  in  conjunction  with  the  buckling  guide  was  successful,  resulting  in  consistent 
heat  zone  failures.  Additionally,  the  buckling  guide  was  used  at  room  temperature  to 
validate  the  fact  that  buckling  did  not  occur  during  the  TC  RT  tests  which  were  performed 
without  a  buckling  guide.  The  fatigue  lives  for  these  tests  with  and  without  the  buckling 
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guide  were  in  agreemoit,  indicating  diat  buckling  did  not  cause  failure  in  die  TC  RT  tests. 
Both  the  dogbone  specimoi  and  buckling  guide  designs  are  discussed  in  more  detail  in 
Chapter  3. 

Six  ^lecimens  were  tested  at  five  (hfTerent  stress  levels  in  tension-compresson  at 
ro(»n  tempmture,  and  seven  specimens  at  four  differem  load  levels  in  tension- 
compression  at  427°  C.  Five  specimens  woe  tested  at  five  different  load  levds  in  tension- 
tensimi  at  room  temperature.  During  testing,  damage  progression  was  monitwed  via  the 
acetate  edge  replica.  This  technique  allowed  for  a  physical  record  to  be  taken  of  the 
specimen  edge  at  various  cycle  counts.  Rqilicas  were  taken  either  at  a  minimum  of  mice  a 
logarithmic  decade,  or  any  time  when  significant  damage  was  suspected  due  to  an  increase 
in  strain  or  a  decrease  in  specimen  stiffness. 

Following  testing,  microscopic  evaluaticm  of  the  edge  replicas,  the  specimen  edge, 
and  the  fracture  surface  provided  insight  into  die  nature  and  cause  of  the  failure.  Sdected 
specimens  were  sectioned  to  determine  the  deformation  mechanisms  active  within  the 
specimen.  These  sectioned  specimens  were  also  chemically  etched,  which  enabled 
observation  of  plastic  deformation.  This  analysis,  coupled  with  die  stiffiiess  and  strain 
data  taken  during  the  fatigue  test,  aided  in  the  understanding  of  the  deformaticm 
mechanisms  of  the  MMC  at  each  stress  leve.  Conclusions  were  then  made  on  the 
dominant  deformation  mechanisms  for  each  loading  case  and  for  each  stress  levd  within  a 
loading  case.  The  applied  stress  (S)  and  fatigue  life  (N)  curves  were  developed  fm  all 
three  loading  cases.  The  fdlowing  chapters  provide  the  details  of  this  study. 
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//.  Previous  Works 


IrOroductton 

The  previous  wcxks  which  are  potinent  to  the  cunent  res^uch  include  monolonic 
loading  in  tension  and  compression,  tension-tension  and  tension-compression  fatigue,  all  at 
both  room  and  elevated  temperatures.  A  brief  badcground  of  these  previous  studies  is 
presented  here,  divided  into  room  temperature  testing  and  devated  temperature  testing 
portions,  each  with  an  emphasis  on  the  response  and  damage  mechanisms  vdiich 
characterize  the  material  in  the  different  loading  conditions.  This  is  done  in  an  effort  to 
cmrelate  the  current  research  to  that  of  previous  worics  \dien  q>plicable. 

Room  Temperature  Testing 

Majumdar  and  Newaz  investigated  the  inelastic  tenule  deformation  of  both  [0]g  and 
[90]g  laminates  of  SCS-6/Ti-l  5-3,  MMC  (2S:  1-6S).  The  0.34  fiber  volume  laminates 
were  consolidated  at  a  temperature  of  815**  C  and  were  not  subsequently  heat  treated. 
Testing  crmsisted  of  load  controlled  monotmiic  tendon  tests  to  fiulure.  An  in-depth 
examination  of  die  deformation  mechanisms  revealed  diat  the  indasdc  deformation  of 
MMCs  can  be  separated  into  two  types:  damage  and  plasticity.  Damage  consists  of  fiber 
and  matrix  cracldng,  fiber-matrix  reaction  zone  cracking,  and  debonding  at  the  fiber- 
matrix  interface.  Plasticity  occurs  in  the  matrix  and  includes  slip  band  formation  and 
changed  dislocation  densities. 

Deformation  was  then  brcdcen  down  into  a  three  stage  deformation  behaviOT.  The 
first  stage  consists  of  the  fully  elastic  response  of  die  laminate.  The  second  stage, 
however,  is  damage  dominated,  characterized  by  fiber-matrix  ddionding,  reaction-zone 
cracks,  and  micro-yielding  of  the  matrix.  Stage  III  is  characterized  by  plasticity,  largdy 
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concmtrated  in  intense  shear  bands  between  die  fibers  which  lead  to  diear  crack  initiation 
and  finally,  fracture. 

Micro-mechanic  investigadcxi  resulted  in  a  characterization  of  the  damage 
mechanisms  for  each  of  the  laminates  tested.  Nonlinear  deformation  b^an  in  the  O'* 
laminate  at  a  strain  of  qiproximatdy  O.SS  percent,  and  was  caused  primarily  by  matrix 
plasticity.  Deformadtxi  in  the  90**  laminate  began  at  approximately  0.4  percoit  and 
included  fiber-matrix  debonding,  matrix  cracking,  reaction  zone  cracking,  and  matrix 
plasticity. 

Plasticity  was  found  to  nucleate  in  the  small  re^on  surrounding  the  fibers,  where  the 
effective  residual  stress  is  slighdy  less  than  the  yidd  stress  of  the  matrix,  thus  making  it 
m(xe  susceptible  to  deformaticm.  Plasticity  was  observed  in  the  form  of  concentrated  slip 
bands,  which  generally  began  at  reaction  z(xie  cracks  in  both  the  O'*  and  90°  fiber-matrix 
interface.  Two  basic  types  of  slip  bands  were  detected;  trianj^e  slip  bands  which  occur 
first,  fdlowed  by  intense  shear  bands  which  zigzag  between  alternate  fibers  in  adjacent 
plies.  In  the  90°  laminate,  final  fracture  occurred  along  the  latter. 

Majumdar  and  Newaz  also  investigated  the  inelastic  compressive  deformaticxi  and 
the  fatigue  response  of  SCS-6/Ti-lS-3  at  room  temperature  (29:1-17).  Thdr  research  was 
focused  on  determining  how  cracks  initiate  in  regime  II  (the  fatigue  life  stage  which 
fdlows  the  high-stress  low-life  regime)  of  Talrcja's  Concept  of  Fatigue  Life  (49),  on 
whether  the  perastent  slip  bands  \^ich  precede  failure  in  mondithic  metals  exist  also  in 
MMCs,  and  on  determining  the  role  of  reaction  zone  cracks  under  compressive  loading. 

Compression  tests  of  the  0°  specimens  revealed  that,  although  tiie  dastic  modulus 
was  identical  in  tension  and  compression,  the  onset  of  inelastic  defrxmation  occurs  at  a 
higher  stress  magnitude  in  compression  than  in  tension.  This  is  due  to  the  residual  tensile 
stress  which  exists  in  the  fibo'  from  initial  fabrication.  Extensive  slip  band  activity  was 
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observed,  and  there  was  a  virtual  absence  of  the  reaction  zone  cracks  which  occurred  so 
frequently  in  the  previous  tension  tests. 

The  compression  tests  of  the  90°  specimens  resulted  in  a  two  stage  deformation 
response.  This  did  not  include  the  longitudinal  fibo’-matrix  debond  stage  found  in  the 
monotonic  tension  tests  Transverse  dd)onding,  however,  did  occur  at  very  high  strain 
levels.  Reaction  zone  cracks  were  found  on  the  top  and  bottom  of  the  fibers  (along  the 
load  line),  in  comparison  to  the  sides  of  the  fibers  v^ere  they  were  found  in  tension. 

Fatigue  tests  were  performed  in  load-control  tension-tension  with  a  stress  ratio,  R, 
of  0. 1 .  Specimens  were  of  varying  fiber  volume,  ran^ng  from  0. 1 5  to  0.4S,  and  had  a 
dogbone  geometry  with  a  shoulder  radius  of  3SS.6  mm.  The  fatigue  life  results  of  all  fiber 
volume  fractitxi  specimens  fell  together,  indicating  that  just  as  the  fatigue  life  of  moncJithic 
metals  is  strain-range  ctMitrolled  through  inelastic  plastic  deformation,  so  is  the  fatigue  life 
of  the  0°  laminate.  The  formation  of  channel  type  dislocation  structures  were  observed  in 
the  fatigued  composite.  These  dislocation  structures,  which  are  characteristic  of  persistent 
slip  bands  (PSBs)  in  body  centered  cubic  metals,  indicate  that  classical  fatigue  mechanisms 
operate  in  the  matrix  of  the  fatigued  MMC  (29:49).  Thus,  the  authors  concluded  that 
regime  n  fatigue  life  is  dominated  by  matrix  fatigue. 

The  fatigue  cracks  were  observed  to  nucleate  in  several  different  ways.  Some 
cracks  initiated  at  cracked  fibers,  most  of  which  were  cracked  in  the  as  fabricated 
condition.  A  more  prevalent  nucleation  site  for  fatigue  cracks,  however,  was  the  reaction 
zone  crack.  Most  of  the  cracks  grew  along  crystallographic  planes,  and  tended  to 
propagate  along  slip  bands.  Cracks  also  initiated  at  Molybdenum  weave  sites  when  the 
strain-range  was  above  0.3  percent. 

Fiber-matrix  debonding  was  found  to  be  negligible  under  mcxiotonic  loading  (28), 
however,  it  existed  under  the  fatigue  loading  condition.  Most  d^onds  initiated  at 
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reaction  zone  cracks  and  grew  under  continued  fatigue  cyci».  The  authcxs  theorized  that 
the  matrix  plasticity  ahead  of  an  approaching  matrix  crack  can  cause  these  reaction  zone 
cracks. 

Johnson  also  investigated  ten»on-taision  fatigue  of  SCS-6/Ti- 1 S-3  at  room 
temperature  (21).  The  fatigue  tests  were  conducted  under  load  control  with  a  stress  ratio 
of  0. 1 .  Specimens  of  various  lay-ups,  including  [0/90)2$  were  tested.  Failure  modes  of 
the  MMC  were  found  to  be  either  matrix  dominated,  fiber  dominated,  due  to  self-similar 
damage  growth,  or  due  to  fiber-matrix  interfacial  failures.  Maximum  stresses  ranging 
from  SOO  to  800  MPa  resulted  in  specimen  fatigue  lives  ranging  from  approximately 
40,000  to  5,000  cycles.  Johnson  noted  that  since  the  titanium  matrix  is  so  strong,  it  is 
capable  of  creating  a  very  large  stress  concentration  in  a  fiber  ahead  of  a  matrix  crack. 

Johnson,  Lubowinski,  and  Highsmith  (22)  lato^  continued  the  above  wmic,  with  the 
exception  that  the  specimens  were  heat  treated  for  »xteen  hours  at  482**  C.  The  fatigue 
tests  were  performed  in  load  control  at  a  frequoicy  of  10  Hz.  They  found  that  the  heat 
treatment  increased  the  yield  strength,  ultimate  strength,  and  stiffness  of  the  matrix.  They 
also  found  that  a  chemical  reaction  occurs  between  the  fiber  and  the  matrix.  This  results 
in  a  "...somewhat  thick,  brittle  reaction  zone,  most  likely  made  up  of  titanium  carbides  and 
titanium  silicates,  formed  during  composite  fabrication"  (22:210).  Cracks  in  this  britde 
reaction  zone  were  found  to  nucleate  matrix  plasticity  and  cracks. 

Lerch  investigated  matrix  plasticity  in  SiC/Ti-lS-3  compo»tes  subjected  to 
monotonic  tension  loads  at  romn  temperature  (25).  He  presented  an  experimratal  method 
fix'  revealing  matrix  plasticity  in  the  form  of  slip  bands.  Specimens  were  post  heat  treated 
for  24  hours  at  427°  C,  then  etched  with  a  3  percent  aqueous  solution  of  ammonium 
bifluoride  etchant.  This  heat  treatment  causes  the  alpha  phase  particles  of  the  matrix  to 
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precipitate  altmg  grain  boundaries  and  slip  bands.  The  chonical  etchant  attacks  these 
alpha  particles,  thus  revealing  the  slip  bands  which  resulted  from  the  tensile  loading. 

The  heaviest  concentrations  of  slip  bands  occurred  in  areas  of  high  stress  and 
strain.  These  areas  included  the  tips  of  the  matrix  cracks  and  the  areas  around  both  the  0° 
and  90°  fibers,  near  the  fiber-matrix  interface.  Lerch  concluded  that  slip  bands  will  be 
observed  once  the  local  stress  is  larger  than  the  yield  strength  of  the  matrix  (2S;3),  and 
that  matrix  flow  can  occur  before  fiber-matrix  debonding  occurs. 

Elevated  Temperature  Testing 

Newaz  and  Majumdar  investigated  the  mechanical  response  of  SCS-6/Ti-l  S-3  at 
both  room  and  elevated  temperatures  (37).  Th«r  goal  was  "...to  develop  a  comprehensive 
rationale  explaining  the  response  of  these  composites  in  relation  to  the  actual  deformation 
mechanisms..."  (37:2).  This  was  to  be  done  at  room  temperature,  538°  C,  and  650  °  C. 
Monotonic  tension  tests  were  performed  on  various  non-heat  treated  [O],,  [90]g,  [±45]2„ 
and  [0/90J2,,  laminates. 

At  elevated  temperatures,  the  [0],  laminate  deformatitm  characteristics  remained 
the  same.  Although  the  yield  strength  and  strain  decreased,  and  the  onset  of  non-linearity 
occurred  earlier  at  the  higher  temperatures,  matrix  plasticity  remained  as  the  primary 
deformation  mechanism.  The  [90],  laminate  exhibited  a  three  st^e  behavior  at  538°  C,  as 
was  seen  at  room  temperature.  However,  the  knee  in  the  stress  strain  curve  which 
separates  stage  I  from  stage  II  is  not  evident  at  650°  C.  This  is  attributed  to  the  increased 
temperature  totally  relieving  the  compressive  residual  stress  which  exists  around  the  fibers 
due  to  initial  processing.  Thus,  debonding  initiates  soon  after  the  load  is  applied,  thus 
producing  no  knee  in  the  data.  At  both  temperatures,  the  matrix  was  observed  to  have 
enhanced  ductility  and  a  lower  flow  stress. 
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A  micro-structural  analysis  showed  that  the  [0]g  laminate  inelastic  deformatimi  is 
dominated  by  slip  band  formation/matrix  plasticity  both  at  room  and  elevated 
temperatures.  The  reaction  zone  cracks  form  prior  to  plasticity,  and  play  a  major  rede  in 
nucleating  plasticity  in  the  matrix.  This  plasticity  is  characterized  by  diffused  slip  at 
elevated  temperatures  versus  the  more  plaiuu'  slip  observed  at  room  temperature. 

At  room  and  elevated  temperatures,  the  [90],  laminate  inelastic  deformation  is 
dominated  by  both  damage  and  plasticity,  in  the  form  of  fiber-matrix  ddjonding  and  slip 
band  formation  in  the  matrix,  respectively.  However,  the  elevated  temperature  plasticity 
was,  as  in  the  [0],  laminate,  more  difhised  than  planar.  The  [0/90]2,  laminate  resulted  in  a 
combination  of  the  above  deformation  characteristics. 

Pollock  and  Johnson  investigated  the  characterization  of  unnotched  SCS-6/Ti-lS-3 
at  650°  C.  This  temperature  was  chosen  because  it  is  the  highest  expected  operating 
temperature  for  this  material  system,  and  because  the  matrix  exhibited  a  time-dependent 
deformation  at  this  temperature.  The  authors  performed  thermal  creep  tests  to  determine 
at  what  temperature  the  matrix  deformation  begins  to  become  time  dependent.  At  480°  C, 
this  time-dependency  was  not  observed  as  it  was  at  650°  C.  Specimens  of  various  ply 
orientations  were  loaded  in  both  monotonic  tensiem  and  in  fatigue. 

The  monotonic  tension  tests  at  room  temperature  showed  that  the  elastic  modulus 
was  15  to  22  percent  lower  than  at  room  temperature.  Additionally,  the  strengths  and 
strain  to  failure  were  lower  for  all  the  lay-ups.  Since  the  fiber  strength  is  not  effected  by 
temperatures  below  1 100°  C,  these  reductions  were  due  to  changes  in  the  matrix.  A 
major  difference  between  the  room  and  elevated  temperature  monotonic  tension  response 
is  that  the  knee  in  the  stress  strain  curve  was  not  seen  at  elevated  temperatures. 

The  cyclic  response  of  the  laminates  revealed  that  the  higher  the  number  of  0°  plies, 
the  more  fatigue  resistant  the  material.  For  all  laminates,  at  the  higher  stress  levels  (and 
hence,  shorter  fatigue  lives),  damage  was  initiated  in  the  fiber.  However,  for  the  lower 
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stress  levels,  the  damage  initiated  in  the  matrix.  Pollock  and  Johnson  also  tested  the 
unreinforced  matrix  and  found  that  the  intersection  of  the  laminate  and  matrix  SN  curves 
indicates  the  point  at  which  fatigue  failures  are  fiba*  dominated  or  matrix  dominated. 

The  microscopic  evaluation  revealed  that  at  elevated  temperatures,  under  both 
monotonic  loading  and  fatigue  loading,  the  unreiforced  matrix  material  undergoes  a 
ductile  fracture.  This  fracture  is  characterized  by  matrix  necking  which  created  a  ridge  at 
the  failure  surface.  This  ridge  was  dimpled,  which  further  indicates  the  ductile  fracture. 

The  failure  surfaces  of  the  composite  also  reflected  the  ductile  failure.  Ductile  void 
coalescence  formed  around  the  ends  of  broken  fibers  at  elevated  temperatures.  The  matrix 
necked  between  the  fibers,  causing  the  matrix  to  pull  away  from  the  fibers,  thus  forming 
ridges.  Dimples  on  the  fracture  surface  also  indicated  ductile  failure. 

In  general,  the  fracture  surfaces  of  the  fatigued  specimens  showed  similar  regions  as 
found  in  the  monotonically  loaded  specimens.  For  laminates  with  off-axis  plies,  damage 
initiated  with  interfacial  failure  between  matrix  and  fibers.  The  amount  of  matrix  cracking 
was  found  to  be  dependent  upon  the  applied  stress  range.  For  higher  applied  stresses,  less 
matrix  cracking  was  found  than  in  the  specimens  subjected  to  lower  stresses. 

Mall  and  Portner  (34)  investigated  tension-tension  fatigue  behavior  in  a  cross-ply 
laminate  of  SCS-6/Ti-15-3  Metal  Matrix  Composite  at  427®  C.  The  fatigue  tests  were 
load  controlled  with  a  stress  ratio  (R)  of  0. 1 .  Tests  were  performed  at  both  0.2  and  2  Hz. 
The  goal  of  this  research  was  to  examine  the  initiation  and  progression  of  damage  in  the 
material  at  high  temperature.  A  [O/OOJj,  laminate  with  a  volume  fraction  of  0.38  was  used. 
The  damage  progression  was  monitored  by  use  of  the  acetate  replica.  Damage  was 
quantified  in  terms  of  a  damage  parameter  based  on  the  initial  and  instantaneous  moduli. 

The  two  frequency  groups  tested  resulted  in  different  strains  at  failure.  This 
indicated  that  different  modes  of  failure  were  operative.  The  specimens  tested  at  high 
frequency  experienced  matrix  failure  before  fiber  failure.  They  also  experienced  a  strain 
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hardening  of  the  matrix,  rendering  it  more  brittle.  Thus,  the  specimens  were  more 
susceptible  to  the  brittle  cleavage  fracture  which  dominated  fracture  at  high  frequencies. 
The  specimens  tested  at  low  fi^uency,  however,  fiber  failure  preceded  matrix  failure. 

The  low  frequency  specimois  showed  a  primary  failure  mechanism  of  ductile  void 
coalescence. 

At  both  frequencies,  the  transverse  matrix  cracking  initiated  at  the  fiber-matrix 
interfaces  for  specimens  cycled  at  lower  stress  levds.  At  the  higher  stress  levels,  however, 
transverse  matrix  cracks  initiated  at  cracked  fibers.  No  evidence  of  ply  delamination  was 
found. 

As  can  be  noted  from  the  above  discussion,  a  significant  amount  of  research  has 
been  conducted  for  monotcxiic  and  tension-tension  fatigue  of  MMCs,  SCS-6/Ti-15-3  in 
particular,  and  extremely  little  has  been  published  in  the  area  of  tension-compression 
fatigue.  The  limited  number  of  studies  which  are  available  in  this  area  are  conducted 
under  strain  controlled  tension-compression  fatigue;  no  work  has  been  published  for  load 
controlled  tension-compression  fatigue  for  SCS-6/Ti-15-3. 

Verilli  and  Gabb  (51)  of  NASA  Lewis  Research  Center  researched  the  high 
temperature  fatigue  behavior  of  a  tungsten/copper  composite.  Fully  reversed  (R  =  -1), 
strain  controlled  fatigue  tests  were  performed  at  260”  C  and  560”  C  in  an  envirrximental 
chamber,  or  vacuum.  These  tests  were  compared  to  previously  generated  zero-tension 
fatigue  tests  with  a  stress  ratio,  R  =  0.05.  Dogbone  specimens  with  a  shoulder  radius  of 
curvature  of  368.3  mm  and  63.5  mm  were  used  for  the  fully-reversed  and  zero-tension 
tests,  respectively.  The  larger  radius  of  curvature  for  the  fully-reversed  tests  was  used  to 
prevent  the  likelihood  of  buckling  and  of  failure  at  the  specimen  shoulders.  The  specimens 
were  not  tested  to  failure  into  two  pieces,  but  a  failure  criterion  of  a  25  percent  in 
reduction  of  tensile  stress  from  the  highest  stress  experienced  during  the  test  was  adopted. 
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The  material  system  tested  is  "ductile/ductile"  in  nature;  both  the  Tungsten  fibers 
and  the  Copper  matrix  are  ductile.  This  results  in  an  extremely  strong  fiber  matrix 
interface.  This  is  in  direct  opposition  to  the  "brittle/ductile"  nature  of  the  SiC/Ti  metal 
matrix  composite  system  which  has  a  very  weak  fiber-matrix  interface.  This  difference 
plays  a  major  role  in  the  fatigue  resptxise  of  the  MMC  systems. 

The  authors  found  that,  on  a  strain  range  basis,  the  fatigue  life  of  the  tension-tension 
specimens  was  two  orders  of  magnitude  less  than  that  of  the  fully-reversed  specimens. 
They  concluded  that  the  tensile  mean  stresses  and  strains  which  develop  during  tension- 
tensimi  testing  are  detrimental  to  the  fatigue  life  of  the  composite.  This  theory  is  well 
documented  for  monolithic  metals.  Fuchs  and  Banantine  independently  reported  that  on  a 
stress  range  basis,  "tensile  mean  stresses  are  detrimental  to,  and  crxnpressive  mean  stresses 
are  beneficial  to  the  fatigue  life  of  a  metal"  (I3;69, 6:17).  This  is  illustrated  in  Fig.  4. 


(tensile  mean  stress) 


Figure  4.  Effect  ofMean  Stress  on  Fatigue  Life 
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For  both  the  tensim-tenaon  and  fully-reversed  tests,  the  matrix  failed  primarily  by 
formation  of  cavities  at  grain  boundaries.  Fiber  cracking  was  never  prevalent,  and  matrix 
crack  bridging  occurred.  When  the  matrix  cracks  grew  long  enough  so  that  the  fibers 
carried  most  of  the  load,  the  fibers  necked  up  to  70  percent  for  the  tensicm-tension 
specimens,  but  only  1  to  14  percent  for  the  fully-reversed  specimens. 

Lerch  and  Halford  (26)  investigated  the  fully  reversed  fatigue  response  of  an 
SCS-6/Ti-15-3  [±30],  laminate.  The  dogbone  specimens  were  heat  treated  at  700°  C  for 
24  hours  in  a  vacuum  and  had  a  shoulder  radius  of  370  mm.  The  fully-reversed  fatigue 
tests  were  performed  in  strain-control,  with  a  strain  rate  of  0.001/second.  These  tests 
were  compared  to  previously  generated  load  controlled  zero-tension,  or  tension-tension 
fatigue  data  with  a  stress  ratio,  R,  of  0.05.  Both  sets  of  tests  were  performed  at  an 
isothermal  temperature  of  427°  C. 

The  authors  found  that,  on  a  strain  range  basis,  the  fully-reversed  fatigue  lives  were 
two  orders  of  magnitude  longer  than  the  tension-tension  fatigue  lives.  The  fully-reversed 
fatigue  lives  were  orders  of  magnitude  less  than  that  of  the  unreinforced  matrix,  while  the 
lives  tension-tension  specimens  were  only  five  times  shorter  than  the  unreinforced  matrix. 

On  a  stress  range  basis,  the  tension-tension  fatigue  lives  were  several  orders  of 
magnitude  shorter  than  the  fully-reversed  fatigue  lives.  The  authors  attributed  this 
difference  to  the  tensile  mean  stresses  which  occur  in  the  tension-tension  case.  Thus,  the 
Modified  Goodman  Equation  was  used  to  "correct”  the  delta  stress  for  the  tension-tensimi 
case  to  values  >^ich  are  more  comparable  to  the  fully-reversed  case  which  has  no  mean 
stresses.  The  corrected  delta  stresses  revealed  that  the  tension-tensitm  fatigue  lives  were 
one  order  of  magnitude  greater  than  their  uncorrected  lives,  yet  they  were  still  shorter  than 
the  fully-reversed  fatigue  lives.  Both  tension-tensicm  and  fully-reversed  fatigue  lives  were 
shorter  than  the  unreinforced  matrix  on  a  stress  range  basis. 
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On  a  maximum  stress  basis,  both  fatigue  life  curves  fall  together.  The  maximum 
stress  for  the  strain  controlled  fully-reversed  case  is  the  peak  cyclic  stress  at  half  life.  In 
both  cases,  the  fatigue  life  is  less  than  that  oi  the  unreinforced  matrix. 

Microscopic  inspectitm  revealed  differntces  in  the  damage  mechanisms  fw  the 
tension-tension  and  fully-reversed  cases.  The  tension-toiaon  specimens  were  covered 
widi  short  matrix  cracks,  less  than  1  mm  in  length.  These  cracks  were  (ximarily  matrix 
cracks  which  circumvented  the  fibers  and  had  large  crack  opening  displacements  (COD). 
Extensive  fiber-matrix  dd)onding  was  observed,  and  the  matrix  slivers  between  the  fibers 
occasionally  necked.  Almost  every  fiber  was  cracked. 

The  fully  revo'sed  specimens,  however,  had  long,  isolated  matrix  cracks, 
approximately  3  mm  in  length.  As  in  the  tension-tension  c  ,  the  matrix  cracks 
circumvented  the  fibers,  but  they  had  small  CODs.  Smne  interfacial  dd>onding  occurred, 
but  no  necking  in  the  matrix  slivers  was  observed.  In  contrast  to  the  extensive  fiber 
cracking  found  in  the  tension-tension  spedmens,  no  fiber  racking  was  found. 

Thus,  it  is  evident  that  much  work  has  been  done  in  examining  and  charactmzing 
the  behavior  of  SCS-6/Ti-lS-3  under  monotonic  loading  in  tension  and  compression  and 
in  tension-tension  fatigue  loading.  However,  research  is  extremely  limited  in  the  area  of 
tension-compression  fatigue  of  this,  and  other,  MMCs.  No  research  to  date  has  been 
reported  for  load-controlled  tension-compression  fatigue  of  SCS-6/Ti-l  S-3  at  room  or 
elevated  temperatures.  Thus,  the  current  research  is  necessary  to  fully  characterize  the 
effect  of  tension-compression  fatigue  both  at  room  and  elevated  temperatures. 


17 


HI.  Experimental  Set-up  and  Procedure 


Material 

The  material  investigated  in  this  research  is  SCS-6/Ti-lS-3,  a  continuous  fiber 
reinforced  cross  ply  metal  matrix  composite  (MMC)  vrith  an  orientation  of  [(V90]].,  a 
layup  capable  of  sustaining  combined  loads.  Silicmi  carbide  fibers,  SCS-6,  are  onbedded 
in  a  titanium  alloy  matrix  (Fig.  S).  The  rilictm  carbide  fibers  (Fig.  6)  compose  3S  percoit 
of  the  volume  of  the  laminate,  ex'  a  volume  fraction  of  0.35.  The  mean  fiber  diameter  is 
142  microns  (^m)  which  is  ccxnposed  of  3  different  r^ons.  The  inner  core  of  the  fiber  is 
a  38.4  ^m  diameter  pure  carbon  filament.  Surrounding  this  core  is  a  48.4  pm  li^er  of  bulk 
silicon  carbide  that  is  formed  on  the  carbon  eexe  through  a  process  oS  chonical  vapor 
deposition.  The  remaining  3.S  microns  is  ccxnposed  of  alternating  layers  of  silicon  and 
carbon,  the  outermost  of  which  is  a  carbon  ridi  layer  that  enhances  the  surface  strength  of 
the  fiber  and  improves  the  bonding  with  the  surrounding  matrix  (36).  Ti- 1 5-3,  a  shortened 
designation  for  Ti-15V-3Cr-3Al-3Sn,  is  a  new  metastable  beta  strip  alloy  used  where  cold 
formability  and  high  strength  are  desired  (42:1).  The  alloy  was  devdoped  primarily  for 
the  Air  Force  with  the  goal  of  lowering  airframe  costs  while  offering  higher  performance 
through  improved  mechanical  properties.  By  weight,  the  alloy  is  composed  of  75  pooent 
Titanium,  15  percent  Vanadium,  3  percent  Aluminum,  Chromium,  and  Tin.  An  EDAX 
(Electro-Dispersive  Analytical  X-ray)  analyris  was  performed  on  the  pand  by  Baker  (4) 
that  confirmed  this  manufacturer-advertised  composition. 

Material  Preparatitm 

The  panel  used  in  this  research  was  fabricated  by  Textron  Specialty  Malnials  Inc., 
who  holds  the  a  patent  on  the  Hot  ISO  static  Pressing  (HIP)  method  used.  In  this  method, 
the  laminate  is  layed  up  in  the  i4)propriate  order  and  directitxiality  of  fiber  and  matrix. 
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Figures.  [0/90],,  Specimen  and  Sections 


19 


Reaction  Zone* 
Silicon/Caibon  Layers 
Carbon  Core 
Bulk  Sic 


*Not  to  scak,  enlarged  for  illuseation  purposes 


Figure  6.  SCS-6  Fiber 


The  fiber  layers  are  hdd  together  widi  small  molybdenum  fibers  (mdly  weaves),  that 
are  woven  through,  and  perpendicular  to  the  SCS-6  fibers.  The  matrix  laym  are  thin, 
cold-rolled  sheets  erf* titanium  foil,  similar  to  die  commercially  availdile  aluminum  foil. 
Once  the  layers  are  assembled,  they  are  heated  to  a  temperature  of  approximately  815**  C 
and  held  at  a  pressure  of  35  MPa.  This  extreme  heat  and  pressure  environment  causes 
the  matrix  to  liquefy  and  flow  into  the  fiber  liters,  thus  consolidating  die  layers  into  one 
laminate.  The  HIP  process  results  in  a  superior  consolidatiem  c(  the  fibers  and  matrix. 


Test  Apparatus 

Both  the  room  and  elevated  temperature  tests  were  performed  on  a  servo-hydraulic 
test  stand  (Material  Test  System  808)  equipped  with  a  9979.0  kg  (22,000  lb)  load  cell. 

The  fatigue  test  profile  was  provided  to  the  test  stand  from  a  Zenith  248  computer  via  a 
program  called  LOADTEST,  developed  by  Sanders  (44),  an  AFIT  doctoral  candidate. 

The  test  profile  included  the  maximum  ^ress  to  be  achieved  during  the  test,  die  stress 
rado,  R,  the  maximum  range  of  the  load  and  strain,  the  specimen  area,  load  fi^uoicy,  and 


20 


temperature.  The  above  specificatioiis  were  then  sent  to  the  micro-profilo’  which  in  turn 
drives  the  load  transducer.  The  te^  apparatus  is  shown  in  Fig.  ?. 

Also  included  in  LOADTEST  is  a  data  acquisition  system.  At  usa*  specified  cycle 
intervals  (Data  Actpiisition  Cycles,  or  DACs),  data  is  recorded.  This  data  is  written  to  a 
file  that  is  named  the  cycle  number  followed  by  ".dat.”  For  example,  1  .dat  would  include 
the  cycle  mimber,  the  temperature  during  cycle  1,  and  approximately  SOO  pairs  of  stress 
and  strain  data  taken  during  die  cycle.  Additicmally,  a  file  called  "minmax.dat"  is 
produced,  which  includes  die  cycle  number,  maximum  and  minimum  loads  and  strains ,  die 
specimen  temperature  and  die  material  stiffness  achieved  during  the  cycle. 

For  the  high  temperature  tests,  two  partiiolic  lamps  were  attached  to  the  test  stand. 
Chilled  water  was  circulated  through  the  lamps,  the  upper  and  Iowa*  grips,  and  die  copper 
tubing  which  was  wrapped  around  the  load  cdl  to  protect  the  equipment  frmn  the  high 
temperatures. 

Strain  was  measured  with  a  1 .27  cm  (0.5  in.)  gage  length,  high  temperature  quartz 
rod  extensometer  (MTS  model  632.S0b-04)  placed  on  the  specimen  edge.  The  rods  were 
replaced  after  every  one  to  two  tests  due  to  breakage  during  specimen  failure  or  merely 
dulling  of  the  tips  during  testing.  Each  set  of  rods  was  calibrated  before  use  to  ensure  that 
accurate  strain  data  was  taken  within  the  projected  strain  range.  To  achieve  superior 
res(duti(Mi,  the  extensometer  calibraticm  for  die  tmi»(Mi>tension  tests  spanned  over  only 
positive  strain  values,  as  opposed  to  the  toision-compression  extensometer  calibration, 
which  also  spanned  over  n^ative  strain  values.  The  extensometer  unit  was  cooled  by 
chilled  air  fw  die  high  temperature  tests. 


21 


Figure?.  Test  Apparatus 


Dogbane  Specimen  Design 

As  elaborated  in  Chapter  1,  it  was  evident  that  use  of  the  dogbone  ^)ecimen  was 
necessary  to  avdd  temperature  gradient  failures.  Thus,  a  geometry  had  to  be  determined. 
This  design  involved  tradeoffs  between  obtaining  a  maximum  width  reduction  in  the  gage 
length  versus  a  maximum  radius  of  curvature  at  the  specimen  shoulder  (Fig.  8).  Due  to 
localized  stress  concentrations  caused  by  the  high  shear  stress  near  the  end  of  the 
transition  contour  between  the  gage  section  and  tabbed  region,  dogbone  specimois 
frequently  fail  at  the  specimen  shoulder  (S4: 1).  Thus,  a  large  radius  of  curvature  is 
desirable  to  prevent  this  failure.  This  in  turn  increases  the  necessary  specimen  length, 
which  increases  the  chance  of  premature  failure  due  to  buckling.  The  specimen  length 
constraint,  coupled  with  the  desire  to  obtain  a  large  reduction  in  specimen  width  at  the 
center,  while  maintaining  a  large  radius  of  curvature,  resulted  in  a  design  loop.  Appendix 
B  includes  the  graphs  used  to  determine  the  specimen  geometry. 

The  results  of  several  studies  were  considered  in  choosing  the  final  specimen  design. 
Worthem  showed,  through  his  Finite  Element  Analysis,  that  for  a  15.2  cm  (6  in.)  Icmg 
dogbone  specimen  with  a  3.18  cm  (1.25  in.)  tab  length,  a  41.9  cm  shoulder  radius  results 
in  the  lowest  stress  values  in  the  transition  re^on  (54;  1 ).  Lerch  and  Halford  (26) 


reduced  width  =  0.508  cm  (0.2  in) 
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specimen  width  =  1 .27  cm 
^  (0.5  in) 


shoulder 

radius  =  35.0  cm  (13.7  in) 


^ -  specimen  length  =  1 5.24  cm  (6.0  in)  - ^ 


Figure  8.  Dogbtxie  Specimen  Getxnetry 
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successfully  used  a  37.0  cm  radius  for  their  fully-fever»ed  fatigue  investigation  of  the 
[±30]„  SCS-6/T1-15-3  laminate.  Veiilli  and  Gtri)b  (51)  used  a  36.8  an  radius  for  dieir 
fully-reversed  fatigue  tests  of  a  [O],]  Tungstai/Cq>per  laminate.  Thus,  the  final  dogbone 
specimoi  design  fcH*  the  current  work,  as  shown  in  Fig.  8,  inoHpoiat^  a  similar  radius  of 
35.0  cm. 

Budding  Guide  Design 

Two  buckling  guide  designs  were  considered  and  fabricated  for  use  before  the  final 
buckling  guide  (the  AFTT  buckling  guide)  was  designed  and  built.  Both  the  Lockheed 
(1:63)  and  Battelle  (29:49)  buckling  guides,  designed  for  static  compresami  tests  only, 
had  considerable  drawbacks  for  use  in  fatigue  testing. 

The  Lockheed  buckling  guide  continually  resulted  in  failure  just  outade  dre  flange 
(Fig.  9).  In  this  design,  the  guides  themsdves  do  not  expand  or  contract  during  the 
fatigue  loading.  However,  the  specimen,  which  is  bolted  between  the  guides,  undergoes 
considerable  tensile  and  compressive  strains  during  loading.  This  results  in  fncdon  at  the 
flange/spedmen  interface,  which  ultimately  causes  failure. 

The  Battelle  buckling  guide.  Fig.  10,  has  been  used  successfully  in  static 
compression  tests  (29:49).  However,  this  design  has  serious  drawbacks  for  use  in  fatigue 
testing.  The  guide  is  not  designed  to  be  in  contact  with  the  specimen  at  all  during  testing. 
While  this  is  conceivable  fcx  static  tests,  a  10  Hz  frequency  fatigue  load  would  certainly 
cause  the  guide  to  come  in  contact  with  the  spedmen,  causing  friction.  More  impotantly, 
the  guides  are  in  direct  contact  with  the  coded  grips.  As  a  result,  an  even  heat 
dis^buticm  along  the  spedmen  would  be  difficult,  if  not  impossible,  to  obtain.  This  is 
unacceptable  due  to  the  temperature  gradient  problems  discussed  in  Chrqrter  1 . 
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Figure  9.  Lockheed  Buckling  Guide 


Figure  10.  Battelle  Budding  Guide 
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With  the  above  drawbacks  in  mind,  the  AFIT  buckling  guide.  Fig.  1 1,  was  designed 
for  use  with  dogbcme  specimens.  This  design  incorporates  a  unique  arrangement  which 
allows  sliding  betweoi  two  portions  of  the  guide.  This  sliding  mechanism  allows  the  guide 
to  expand  and  contract  with  the  specimen,  decreasing  the  friction  problems  experienced 
with  the  previous  guides.  The  two  top  pieces  of  dte  guide  have  a  fork  in  the  lower  portion 
where  they  join  with  the  sliding  mechanism.  A  countersunk,  flathead  bolt  protrudes  frmn 
the  sliding  mechanism  and  when  capped  with  a  steel  locknut  and  washer,  p^mits  axial 
sliding  of  the  guide  f^ks,  while  the  specimen  undergoes  axial  strain.  The  sliding 
mechanism  locknut  and  washer  restrict  excessive  out  of  plane  movement  of  the  guide  forte, 
and  hence,  restrict  excessive  specimen  buckling.  Finally,  when  the  specimen  fails,  the 
guide  forks  easily  separate  from  the  sliding  mechanism,  preventing  damage  to  the  guides. 

The  sliding  mechanism  bolts  onto  the  lower  portion  of  the  specimen  so  that  a 
minimal  length  of  the  specimen  is  left  between  the  mechanism  and  the  lower  grips.  The 
mechanism  does  not  touch  or  rest  on  the  cooled  grips,  however,  as  this  would  cause  an 
undesired  heat  sink.  Thermocouple  grooves,  0.65  cm  (0.2S  in.)  apart,  are  included  so  that 
the  specimen  temperature  can  be  monitored  during  testing.  Additionally,  a  minimal 
buckling  guide  width  in  the  center  region  allows  replicas  to  be  taken  on  one  side  of  the 
0.S08  cm  (0.2  in.)  width  specimen,  and  extensometer  rods  to  be  placed  on  the  other  side 
of  the  specimen. 
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Figure  1 1 .  AFIT  Buckling  Guide 


Room  Temperature  Tests/Procedure 


Specimen  Preparation.  Room  temperature  specimens  were  cut  by  technicians  of  the 
AFIT  Model  Shq)  with  a  diamond  encrusted  blade  which  was  necessary  to  cut  the 
extremely  hard  Silicon  Carbide  fibers.  An  ml  coolant  system  was  also  used  to  prevmt 
damage  to  the  composite  by  way  of  burning.  Each  specimen  was  initially  cut  to  a  length 
of  1 5.24  cm  (6  in.)  and  width  of  1 .27  (O.S  in.).  The  final  specimens  were  later  cut  to  a 
final  length  of  three  inches  after  polishing. 

These  six  inch  strips  were  then  heat  treated  at  the  WL/MD  to  stabilize  the  alpha 
phase  of  the  matrix.  Specimens  were  wrapped  in  Tantalum  foil  to  protect  from  oxidatitm 
or  impurities  during  the  heat  treat  process.  The  wrapped  specimens  were  then  placed  in  a 
700°C  vacuum  oven  (approximately  1  x  E6  Torts)  for  24  hours. 

Following  heat  treatment,  the  specimen  edges  were  then  polished  at  the  WL/MD 
Metals  Laboratory .  The  polishing  was  performed  for  two  reasons.  Surface  flaws  due  to 
cutting  needed  to  be  removed  to  avoid  stress  concentrations.  Additionally,  one  edge  was 
needed  to  be  finely  polished  to  facilitate  edge  replication. 

The  polishing  process  has  been  develqied  through  the  experience  of  previous  thesis 
students  and  Metals  Lab  personnel.  The  specimens  were  placed  in  a  polishing  fixture 
which  allowed  for  polishing  tm  the  Beuhler  Maximet  automatic  polisher.  The  first  sti^e  of 
the  polishing  procedure,  grinding,  served  to  flatten  specimen  edges  and  to  remove  any 
surface  pits.  A  number  eight  Metlap  platen  and  45  )xm  diamond  slurry  were  used  for  the 
grinding  process.  A  15  p.m  slurry  followed,  which  reduced  the  size  of  the  scratches.  The 
second  stage  of  polishing  was  final  polishing,  which  consisted  of  using  45, 15,  and  9  |xm 
slurrys  on  respective  Perfinats.  Significant  progress  was  made  during  this  stage,  but 
scratches  still  existed  The  third  stage  of  polishing  removed  any  remaining  scratches. 

Nylon  mats  were  used  with  3  and  1  micron  slunies.  Care  must  be  taken  to  avoid  ripping 


the  mat  with  the  ve'y  sharp  edges  of  the  specimen.  The  final  stage  of  pdishing  resulted  in 
a  mirrOT  finish.  This  step  used  a  neoprene  mat  in  conjunction  with  a  chemical  solution  of 
Mastermet,  Hydrogen  Peroxide,  and  distilled  water.  Following  this  stage,  it  was 
extremely  important  to  immediately  rinse  and  steam  clean  the  specimen.  Mastermet,  if 
allowed  to  dry,  will  stain  the  edge  of  the  specimen,  and  can  then  be  removed  (xily  by 
repolishing. 

Once  the  15.24  cm  (6  in.)  strips  were  polished,  they  were  cut  into  7.62  cm  (3  in.) 
length  specimens  using  the  slow  speed  diamcmd  saw.  Fiberglass  tabs  were  then  applied 
using  epoxy  which  was  cured  for  one  hour  at  67.2®  C  (153®  F)  in  the  Aero  Lab  oven. 

The  last  stage  of  specimen  preparation  was  edge  examination.  A  very  accurate 
analysis  of  existing  edge  damage  was  necessary  to  avrxd  mistaking  this  damage  for  that 
which  occurred  during  the  fatigue  tests.  To  this  end,  a  detailed  picture  w  as  drawn  of  the 
gage  section  wdiich  included  any  fiber  breaks  or  other  damage.  This  picture  was  then  used 
to  record  the  damage  as  it  occurred  during  the  fatigue  test.  This  damage  was  monitored 
through  the  Acetate  edge  replica. 

Acetate  Rephcas.  To  obtain  an  accurate  picture  of  the  damage  as  it  progressed 
throughout  the  life  of  the  specimen,  the  tests  was  put  on  hold  periodically  to  allow  for 
acetate  replication.  This  process  allowed  for  examination  of  the  specimen  edge  without 
ronoving  it  from  the  test  stand.  This  was  beneficial  since  existing  cracks,  fiber  breaks,  and 
other  damage  which  open  up  slightly  when  under  a  load,  may  close  when  the  load  is 
relieved,  thus  making  the  damage  less  detectable. 

The  replicas  were  taken  at  tensile  and  compressive  loads  ranging  from  30  to  50 
percent  of  the  maximum  test  load.  Once  the  load  was  set,  the  specimen  was  wetted  with 
Acetone,  and  a  piece  of  acetyl  cellulose  was  pressed  against  the  specimen  edge  for  50  to 
60  seconds.  This  allowed  for  the  acetate  to  melt  into  the  cracks  and  crevices,  leaving  an 
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imprint  of  the  specimoi  edge.  The  acetate  replica  was  then  pressed  between  two  ^ass 
plates  and  placed  in  a  67.2*’  C  (153*’  F)  oven  for  one  half  hour.  This  flattened  the  rq>lica, 
which  made  it  easier  to  focus  on  during  examination  and  photogr^)hy. 

Test  Procedures.  The  specimen  was  placed  into  the  test  fixture  with  the  0°  fibers 
running  parallel  to  the  load  direction.  With  die  test  stand  in  di^lacement  contrd,  the 
specimen  was  first  gripped  in  the  upper  grip,  then  the  alignment  was  verified  using  a  level. 
At  this  point,  the  extensometer  was  also  checked  to  make  sure  it  sat  on  the  ^lecimen 
without  slipping.  Once  proper  alignment  was  achieved,  the  lower  head  was  moved  into 
position.  Th«  test  stand  was  then  placed  into  load  control,  and  the  grips  in  the  lower  head 
were  quickly  gripped  onto  the  specimen.  It  is  imperative  that  this  is  done  quickly,  as  the 
Iowa-  head  floats  while  in  load  control. 

The  grip  pressure  is  based  on  pounds  per  square  inch  of  the  grip  surface.  Thus,  it  is 
important  to  adjust  the  pressure  accordingly  if  one  changes  specimen  widths,  or  area  in  the 
grips.  It  was  found  that  6.2  to  6.9  MPa  (900  to  1000  psi)  grip  pressure  was  sufficient  for 
a  1.27  cm  (O.S  in.)  width  specimen  with  approximatdy  1  inch  length  in  the  grips. 

However,  when  the  specimen  width  was  changed  to  0.63S  cm  (0.25  in.)  for  the  tension- 
tension  tests,  the  grip  pressure  was  adjusted  to  half  the  pressure. 

Once  the  specimen  was  placed  in  the  test  stand,  the  extensometer  was  placed  on  the 
non-replica,  or  right,  edge  of  the  specimen.  The  rods  were  adjusted  so  that  the  distance 
between  the  quartz  rod  tips  was  exactly  1.27  cm  (0.5  in.),  resulting  in  an  initial  strain 
reading  of  zero.  Any  deviation  from  zero  strain  was  recorded  so  that  the  strain  data  could 
be  adjusted  accordingly. 

Once  the  extensometer  was  zeroed,  the  testing  began.  The  initial  cycle  was 
performed  using  a  program  called  STATIC,  developed  by  Aero  Lab  Technician  Mark 
Derriso.  This  program  allowed  for  manual  loading  of  the  specimen  to  the  desired 
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maximum  and  minimum  load.  Replicas  were  taken  just  after  the  observed  knee  in  the 
stress  strain  curve  to  document  the  dd)onding  that  occurs.  The  loading  was  then 
continued  to  the  minimum  load  and  back  to  zero.  The  initial  modulus  was  obtained  from 
this  data. 

Following  the  initial  cycle,  the  fatigue  test  began  The  specimen  was  subjected  to  a 
10  Hz  triangular  load  sequence  as  shown  previously  in  Figs.  1  and  2.  The  test  was 
stopped  at  least  every  decade  of  the  test  to  take  replicas.  This  also  allowed  for  SO  to  100 
cycles  to  be  run  at  1  Hz.  This  was  necessary  since  hysteresis  loops  obtained  from  10  Hz 
data  were  severely  aliased  due  to  a  sampling  rate  mismatch  between  the  analog  to  digital 
board  and  the  load  transducer. 

Prior  to  testing,  load,  strain,  and  displacement  limits  were  set  on  the  micro  profiler. 
If  these  limits  were  exceeded,  the  hydraulics  cut  off,  and  the  test  was  terminated.  This 
ensured  that  if  the  extensometer  slipped  out  of  ifs  calibrated  range,  or  if  there  were 
unacceptable  load  spikes,  the  test  would  not  proceed.  More  importantly,  if  the 
displacement  limits  were  exceeded  due  to  specimen  failure,  the  test  stopped,  the  lower 
head  floated  downward;  the  failed  specimen  was  not  damaged  due  to  continuation  of  the 
test. 

Elevated  Temperature  Tests/Procedure 

Specimen  Preparation.  The  initial  high  temperature  test  specimens  were  prepared 
in  the  same  manner  as  the  room  temperature  specimens,  widi  two  exceptions.  The 
specimen  length  was  four  inches,  one  inch  longer  than  the  room  temperature,  due  to  the 
increased  gage  length  needed  to  facilitate  use  of  the  heat  lamps  and  reduction  nozzles. 
Aluminum  tabs  were  used  instead  of  the  fibo-glass  epoxy  tabs  which  would  not  withstand 
the  high  temperatures.  However,  the  dogbone  specimens  wdiich  were  used  with  the 
buckling  guide  fixture  were  polished  differently  than  the  room  temperature  specimens. 
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The  dc^bone  specimois  were  cut  at  the  AFIT  Model  Shop  using  a  diamond 
encrusted  circular  bit.  The  specimen  getxnetry  was  input  to  a  Computer  Aided  Design 
(CAD)  software  package,  which  interfaced  with  the  numerically  contrdled  cuttii^ 
machine.  The  program  specified  an  initial  roughcut  of  the  specimen,  followed  by  a  slow 
feed  rate  final  cut.  Due  to  the  extreme  hardness  of  the  silicon  carbide  fibers  in  conjunction 
with  the  titanium  matrix,  the  fabrication  of  one  dogbone  used  an  entire  bit.  Care  had  to  be 
taken  to  adjust  the  level  of  the  bit  due  to  the  wearing-off  of  the  diamond.  This  wear 
detracted  from  obtaining  a  precision  cut 

The  other  cutting  options  for  the  dogbone  specimens  were  Electronic  Dispersive 
Machining  (EDM),  and  water-jet  cutting.  The  EDM  method  was  not  chosen  because  it 
has  been  found  to  degrade  the  fatigue  properties  of  metal  matrix  composites  (10:225). 

The  waterjet  method  has  been  found  to  cause  the  least  damage  to  the  material;  however,  it 
was  cost-prohibitive  for  this  research. 

After  the  dogbone  specimens  were  cut,  they  needed  to  be  polished.  The  failures  diat 
often  occur  in  the  shoulder  of  the  dogbone  specimen  can  be  initiated  by  burrs  or  edge 
defects  near  this  region.  These  defects  cause  stress  concentrations  to  occur  in  an  already 
highly  stressed  region,  but  can  be  removed  through  the  polishing  process.  Additionally, 
the  observations  of  damage  progression  via  edge  replicas  is  impossible  without  a  finely 
polished  surface.  Pdishing  of  dogbone  specimens  is  rarely  peifrained  due  to  the  irregular 
geometry,  which  prdiibits  any  type  of  automated  polishing  techniques.  For  these  reasons, 
a  hand  polishing  technique  was  developed. 

To  avoid  the  rounding  of  specimen  edges  which  occurs  during  hand  polishing,  the 
SCS-6/Ti-15-3  spedmens  were  sandwiched  between  two  "dummy"  MMC  dogbone 
specimens  with  the  same  geometry.  The  four  specimens  were  glued  together  and  allowed 
to  set  overnight. 
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The  first,  or  grinding,  stage  of  polishing  was  performed  using  a  hand  polishing  tool 
similar  to  a  dental  tool.  A  diamond  grinding  pad  was  attached  to  the  tod  and  the 
specimen  was  ground  until  all  surfaces  were  even.  Care  was  taken  during  grinding  to 
douse  the  specimens  with  water  often  to  avdd  burning.  The  process  continued  with  hand 
grinding  using  an  artist's  eraser  wn^iped  with  240, 360,  and  then  400  grit  silicmi  carbide 
Ending  paper.  This  process  further  evened  the  surfaces  and  removed  the  larger  scratches 
imposed  by  the  diamtmd  pad.  The  specimens  were  then  ^lit  apart  and  r^ued  so  that  the 
opposite  side  was  as  close  to  even  as  possible.  The  first  side  was  used  for  the 
extensometer,  and  the  second  side  was  ground  as  above,  then  finely  polished  for  rqjlica 
taking. 

The  second,  or  polishing  stage,  was  also  performed  with  the  dental  tod,  but  with  a 
nylon  pad.  The  specimens  were  successively  wet  with  45,  15, 6, 3,  and  1  4m  diamond 
slunys  in  conjunction  with  the  appropriate  diamond  paste.  Next,  a  neoprene  pad  was  used 
with  the  dental  tool  in  conjunction  with  Mastermet.  Again,  care  was  taken  to  rinse  and 
steam  clean  the  specimens  immediately  following  this  step,  to  avoid  staining.  Once  the 
specimens  were  polished,  they  were  examined  for  existing  damage  and  a  picture  was 
drawn  in  the  same  manner  as  for  the  room  temperature  qiecimens. 

The  dogbone  polishing  process  is  more  iabor-inten»ve  and  time-consuming  than  die 
automated  polishing  technique  used  for  the  rectangular  specimens.  As  a  result  of  the  time 
invested,  however,  die  replicas  taken  from  these  specimens  were  of  similar  quality  as  those 
obtained  from  rectangular  specimens. 

Test  Procedure,  Before  placing  the  specimen  into  the  buckling  guide,  the  two  type 
K  chromel-alumel  thermocouples  were  tack  welded  to  the  face  of  the  specimen,  each 
0.635  cm  (0.25  in.)  away  from  the  center.  These  provided  temperature  infonnatitxi  to  the 
Micricon  825,  which  controlled  the  heat  lamps.  A  third  thermocouple,  welded  to  the 
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center  of  die  specimen,  provided  LOADTEST  widi  the  temperature  information.  Once 
these  thermocouples  were  applied,  die  two  long  pieces  of  the  budding  guides  were 
carefully  placed  on  dther  side  of  the  specimen,  matching  the  thermocouple  grooves  with 
the  thermocouples.  Care  was  taken  to  mount  the  spedmen  with  its  straight  heat  zone 
regimi  parallel  to  the  edges  of  the  guides  and  to  the  load  direction.  Once  the  spedmen 
was  correcdy  placed,  the  t<^  screws  were  ti^toied,  ensuring  that  the  polished  side  of  the 
specimen  protruded  slighdy  from  the  buckling  guide.  This  allowed  edge  rqdicas  to  be 
taken. 

Before  attaching  the  sliding  mechaninns,  the  locknuts  were  tightened  an  iqipropriate 
amount,  and  the  countersunk  bolt  head  was  then  tightened  into  position  to  avoid  fiiction 
with  the  specimen  during  testing.  To  reduce  fnction  between  the  buckling  guide 
components,  powdered  graphite  was  applied  to  the  clean,  dry,  sliding  mechanism.  The 
two  sliding  mechanisms  were  then  slid  into  place.  Once  it  was  verified  that  the  locknut 
was  tight  enough  to  counter  any  out  of  plane  displacemait  caused  by  buckling  of  the 
specimen,  yet  allowed  the  guide  finics  to  dide  easily,  the  sliding  mechanisms  were  bolted 
into  place. 

The  specimen  was  then  mounted  into  the  test  fixture  in  the  same  manner  as  die 
room  temperature  specimens.  The  extensometer  was  placed  mi  the  specimen  and  zeroed 
(Fig.  12).  The  LOADTEST  program  was  then  initiated.  The  specimen  was  initially 
brought  up  to  427^  C,  and  the  thermal  strain  was  recorded.  The  initial  100  cycles  were 
run  at  1  Hz  to  obtain  hysteresis  and  modulus  data  and  also  to  ensure  that  excesave 
buckling,  or  out  of  plane  movement  was  not  occurring.  This  was  visually  checked  and 
hysteresis  loops  were  also  plotted.  If  the  compression  portion  of  the  loop  was  cusped, 
denoting  the  buckling  effect,  the  locknuts  wav  tightoied,  further  restricting  the 
movement.  The  effect  of  excesave  buckling  on  the  hysteresis  loqis  is  shown  in  Fig.  13. 
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Figure  13.  Effect  of  Excessive  Buckling  On  The  Hysteresis  Loop 
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The  remaining  cycles  to  failure  were  run  at  10  Hz,  intmpcrsed  with  periodic  1  Hz 
segments  to  obtain  hysteesis  and  modulus  data.  The  testing  was  periodically  stepped, 
and  the  specimen  cooled,  to  take  replicas.  The  specimen  coding,  replica  taking,  and 
specimen  reheating  procedure  took  approximately  one  hour,  so  it  was  perftxmed  only 
when  significant  changes  in  strain  or  modulus  had  occurred. 

Post-Failure  Analysis 

Following  failure,  pictures  were  takoi  of  the  entire  specimen  to  keep  a  record  of  the 
overall  location  of  the  failure.  The  edge  replicas  were  examined  to  determine  the  onset  of 
defixmation  and  damage;  this  was  recorded  on  the  previously  hand  drawn  picture  of  the 
specimen  edge.  The  polished  edge  was  then  examined  and  fiber/matrix  damage  recorded 
on  the  same  drawing.  This  allowed  for  a  clear  picture  of  damage  progression  in  die 
specimen.  Damage  of  significance  or  particular  interest  was  also  photographed. 

Once  all  pictures  were  taken,  the  specimen  was  sectioned.  In  general,  each 
specimen  was  cut  so  that  one  longitudinal  and  one  transverse  section  resulted.  The 
sectioned  section  configuration  is  illustrated  in  Fig.  5.  The  fracture  surface  sections  were 
observed  in  the  Scanning  Electron  Microscope  (SEM).  This  aided  in  the  characterization 
of  the  failure.  The  remaining  sections  were  post  heat  treated  at  427**  C  to  aid  in  the 
observaticxi  of  slip  bands  (25;  1). 

The  sections  were  then  mounted  in  Buehler  Konductimet,  a  black  conductive 
mounting  compound,  using  the  Simplimet  mounting  press  in  the  Aero  Lab.  The 
Konductimet  surrounds  the  sectioned  piece,  and  allows  for  autonated  polishing.  The 
section  polishing  procedure  is  similar  to  that  of  the  specimen  edges.  The  initial  step  is 
rough  polishing  with  a  45  micron  diamond  slurry  and  a  number  8  platen.  This  is  followed 
by  both  15  and  9  micron  slurries  with  the  number  8  platen.  The  sections  are  tiien  polished 
on  45, 15,  and  6  micron  Perfinats.  This  is  followed  by  3  and  1  jim  diamond  slurries  on  a 
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nylon  mat.  The  final  polishii^  phase  contained  three  steps.  First,  the  sections  were  {dace 
on  a  BueHler  Vibromet  vibrating  polisher  with  a  one  micron  diamcmd  slurry  for  24  hours. 
The  sectiois  are  tten  placed  on  a  Vibromet  with  half  micron  diamond  slurry  for 
approximately  eight  hours.  The  final  step  is  the  Mastermet  Vibromet,  used  for 
approximately  1  hour.  The  Mastermet  is  the  aggressive  chemical  polish  used  on  the  pre¬ 
tested  specimens.  This  step  removes  all  scratches  larger  than  0.06  micron.  Once  pdished, 
the  sections  were  ready  for  micro-mechanical  examination  in  the  SEM. 

Fdlowing  final  polishing,  sdected  specimens  were  then  etched.  In  this  process,  a 
three  percent  solution  of  Ammcmium  Fluoride  and  Hydrc^uoric  Add  (NH4F+HF)  is 
applied  to  the  mounted  spedmen.  This  solution  attacks  the  alpha  phase  precipitates  which 
makes  possible  the  (^servation  of  matrix  plasticity  and  grain  boundaries. 
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IV.  Results 


An  investigation  of  the  fatigue  behavicM-  of  a  material  must  include  both 
maaomechanic  and  micromechanic  ecaminations;  in  this  study,  diey  are  used  to 
characterize  the  cyclic  life  and  the  associated  deformation  mechanisms  for  each  fatigue 
loading  condition.  This  duipter  describes,  in  detail,  the  fundamentals  of  macro-mechanic 
and  micro-mechanic  evaluations  as  diey  apply  to  the  cross-ply  SCS-6/Ti-lS-3  MMC. 
These  evaluations  are  then  performed  for  each  load  case;  TC  RT,  TT  RT,  and  TC  HT. 

Fundamentals  of  the  Macro-mechanic  Evaluation 

The  macromechanic  behavior  of  the  composite  consists  of  the  fatigue  life,  stiffness 
(Young's  modulus)  degradation,  and  strain  response  during  cycling.  The  fatigue  life  of  the 
composite  can  be  illustrated  on  the  Wohler,  or  SN,  diagram.  This  diagram  is  die  basis  of 
the  standard  stress-life  method  for  fatigue  life  characterization,  in  which  either  die 
maximum  applied  stress  (x  the  applied  stress  range  is  plotted  versus  the  number  of  fatigue 
cycles  to  specimoi  failure.  The  SN  curves  fcx  all  materials,  including  metals,  polymers, 
and  composites  have  a  negative  slope  (2:297),  meaning  that  as  the  applied  stress 
decreases,  the  number  of  cycles  to  failure  increases.  Factors  which  influence  the  exact 
shape  of  the  SN  curve  for  composite  materials  include  the  matrix  material,  ply  orientadon, 
volume  fraction  of  reinforcement  (fibers),  interface  properties,  type  of  loading,  mean 
stress,  frequency,  and  enviroiment.  Three  of  these  factors  vary  within  the  loading  cases 
investigated  in  die  current  work.  The  type  of  loading  differs  from  tension-comivesrion 
to  tension-tension  (Figs.  1  and  2).  The  mean  stress  also  varies  from  zero  for  the 
tensi(»i-compression  case  to  a  positive  value  for  the  tension-tension  case  (Fig.  4).  Finally, 
the  temperature  environment  is  clearly  different  for  the  high  temperature  loading  case  as 
compared  to  the  room  temperature  loading  cases. 


Many  researchers  have  attempted  to  divide  the  SN  curve  into  difTa-ent  portitms  in 
which  certain  failure  mechanisms  play  dominant  roles.  Majumdar  and  Lerch,  following 
Talreja's  approach  (49),  have  suggested  that  the  fatigue  life,  or  SN  curve,  of  a  MMC  can 
be  broken  up  into  three  regimes;  Regime  1,2,  and  3  (30:7).  Specifically,  fw  the 
unidirectional  SCS-6/Ti-lS-3  laminate  they  tested  in  tension-toision  fatigue  at  a  R-ratio 
of  0. 1 ,  they  stated  that  Regime  1  failure  occurs  solely  by  overload  of  die  fibers.  Regime  2 
failure  occurs  primarily  due  to  matrix  cracking,  and  Regime  3  consists  of  fatigue  lives 
upward  of  1  million  cycles  in  i^4iich  matrix  cracks  simply  do  not  initiate,  and  if  they  do, 
they  are  quickly  arrested.  The  authors  found  that  the  transition  between  Regimes  1  and  2, 
and  also  between  Regimes  2  and  3,  are  complex,  consisting  of  mixed  mode  failures. 

In  the  current  work,  an  additional  regime  of  the  SN  curve  will  be  defined  due  to  the 
variances  in  the  fatigue  behavior  of  the  cross-ply  laminate  examined  in  this  study,  and 
unidirectional  laminates  of  previous  studies.  The  (xiset  and  type  of  deformation  differs 
between  the  two  primarily  due  to  the  presence  of  90**  fibers  in  the  cross-ply  laminate. 
These  90°  fibers  initiate  matrix  cracks  much  eariier  in  the  cross-ply  fatigue  life  than  do  the 
0°  fibers  in  the  unidirectional  laminate  fatigue  life.  Fot  this  reason,  a  significant  portion  of 
the  cross-ply  SN  curve  is  occupied  by  the  mixed-mode  transition  between  Regimes  1  and 
2.  This  portion  will  be  referred  to  in  the  current  wivk  as  Regime  2a.  Regimes  1, 2  and  3 
will  remain  as  Majumdar  and  Lerch  have  defined.  Talreja's  concqit  of  the  regimes  of  the 
SN  curve,  as  adapted  by  Majumdar  and  Lerch,  in  addition  to  the  ctmcept  adopted  used  in 
this  study  for  the  cross-ply  laminate,  are  illustrated  in  Figs.  14  and  IS. 

These  type  of  fatigue  diagrams  are  generally  used  when  a  significant  amount  of 
testing  has  been  accomplished  so  that  the  exact  location  of  transition  from  one  regime  of 
the  SN  curve  to  the  next  is  known.  Since,  in  the  current  woric,  this  amount  of  research 
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Figure  14.  Talreja's  Model  for  Regimes  of  the  Unidirectional  Laminate  SN  Curve 


Figure  15.  Regimes  of  SN  Curve  for  Cross-Ply  Laminate  Adopted  in  Current  Woric 
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was  not  feasible,  a  different  method  of  demarcation  between  the  regimes  is  used  which 
merely  separates  the  tests  which  are  performed  into  their  respective  regimes.  It  is  stressed 
that  the  lines  which  are  drawn  to  separate  the  regimes  are  qualitative  in  nature  and  not 
quantitative,  and  thus  are  not  tied  to  specific  values  of  fatigue  life.  Figures  16  and  17 
illustrate  this  method  for  both  the  classic  unidirectional  and  the  current  cross-ply  cases. 

In  addition  to  the  fatigue  life  approach,  the  macroscopic  evaluation  of  a  fatigued 
specimen  can  also  be  based  on  modulus  reduction.  The  stiffness,  or  modulus  of  a  material 
is  the  ratio  of  the  applied  stress  to  the  resulting  strain; 


Since  the  stress  remains  constant  during  load-controlled  fatigue  tests,  the  modulus 
changes  only  with  a  change  in  strain.  This  change  in  strain  is  caused  by  deformation 
within  the  material,  and  thus  a  drop  in  modulus  almost  always  indicates  damage  initiation 
or  progression. 

In  fatigue  tests  of  cross-ply  laminates,  the  modus  undergoes  a  change  within  the  first 
cycle  if  the  load  is  high  enough  to  debond  the  90°  fibers.  Once  the  debond  has  occurred, 
the  cross-ply  contribution  to  the  composite  is  reduced,  in  turn  reducing  the  stiffhess.  This 
change  is  evidenced  by  a  "knee"  in  the  stress-strain  curve  which  separates  the  initial  and 
secondary  moduli.  The  stress-strain  curve  for  subsequent  cycles  then  becomes  linear,  with 
a  modulus  close  to  the  secondary  modulus  of  the  virgin  material  (2:295).  If  the  applied 
load  is  high  enough,  a  second  knee  will  occur  due  to  the  onset  of  nonlinearity  of  the 
matrix.  Modulus  data  in  this  work  will  be  presented  as  a  ratio  of  the  instantaneous 
modulus  to  the  initial  modulus. 
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Figure  16.  Talreja's  Concept  of  the  0**  Laminate  SN  Curve  Used  in  Current  Woik 
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Figure  1 7.  Regimes  of  SN  Curve  for  the  Cross-Ply  Laminate 


42 


In  addition  to  debonding,  other  deformation  can  contribute  to  a  strain  increase,  or 
stiffness  reduction.  Matrix  cracking,  fiber  breaking,  and  matrix  plasticity  all  cause 
increased  specimen  elongation  with  applied  load.  Thus,  as  the  specimen  is  fatigued,  more 
and  more  damage  begins  to  take  place,  and  a  modulus  reduction  eventually  occurs.  The 
percent  of  fatigue  life  at  which  this  reduction  be^ns,  and  the  extent  to  which  it  falls  varies 
with  applied  stress  and  loading  condition. 

Although  the  fatigue  life,  modulus  degradation,  and  strain  increases  throughout  the 
fatigue  life  of  a  material  are  strong  indicators  that  damage  has  taken  place  within  die 
specimen,  the  damage  mechanisms  remain  unknown  without  perftxming  a  micromechanic 
investigation. 

Fundamentals  of  the  Micro-mechanic  Evaluation 

The  micro-mechanic  evaluation  seeks  to  determine  the  cause  of  deformation 
initiation  and  the  type  of  deformation  progression  throughout  the  life  of  the  specimen.  In 
this  study,  this  information  is  obtained  through  the  examination  of  acetate  replicas  of  the 
specimen  edges,  sectioned  specimens,  and  fracture  surfaces,  providing  the  background 
necessary  to  fully  characterize  the  deformation  mechanisms  associated  with  fatigue  of 
MMCs. 

The  deformation  mechanisms  which  have  been  found  in  this  research  are  divided 
into  either  damage  or  plasticity.  Damage  is  defined  as  the  formation  of  new  and  free 
surfaces  within  the  specimen  and  crmsists  of  fiber  and  matrix  cracking,  fiber-matrix 
reaction  zone  cracking,  and  ddionding  of  the  fiber-matrix  interface.  Plasticity  is  defined  as 
the  processes  involving  dislocation  nucleation  and  motion,  and  consists  primarily  of  slip 
band  formation.  Each  of  these  mechanisms  will  be  explained  and  illustrated  as  a  basis  for 
ihe  discussion  which  follows  for  each  loading  case. 
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The  types  of  damage  are  illustrated  in  Fig.  18,  and  include  fiber  breaks,  reaction 
zone  cracks,  matrix  cracks,  and  debonding.  Fiber  breaks  exist  in  both  the  0**  and  90° 
fibers.  Some  fibers  are  broken  or  damaged  before  testing  as  a  result  of  machining  or 
fabrication.  More  commonly,  however,  fiber  breaks  are  due  to  tensile  overioad.  This  is 
caused  by  stress  transfer  to  the  0°  fibers  from  die  damaged  matrix.  Occasionally, 
compressive  loads  may  lead  to  radial  cracking  in  90°  fibers.  Reaction  zone  cracks  (rzcs) 
are  the  most  common  form  of  damage  initiation  in  this  study.  The  fiber-matrix  reaction 
zone  is  the  area  between  the  fiber  and  the  matrix  in  which  the  two  have  chemically  reacted 
during  fabrication.  It  is  made  up  of  titanium  carbides  and  titanium  silicates,  and  is  very 


Figure  18.  Typical  Damage  Mechanisms  in  the  Cross-Ply  Laminate 
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brittle  (22:210,  23:712).  As  a  result,  this  area  is  extremely  prone  to  damage  in  the  form  of 
cracking.  Matrix  cracking  in  this  (xxnposite  system  almost  always  nucleates  at  rzcs  on  the 
90°  fibers,  although  broken  0°  fibers  occasionally  contribute  to  matrix  cracks.  C^ce 
initiated,  these  cracks  grow  under  cyclic  loading.  Debonding  is  the  separation  of  the  fiber 
from  the  matrix,  and  occurs  in  both  the  0°  and  90°  fibers,  generally  betwe^i  the  carbon 
rich  outer  layer  of  the  fiber  and  the  reaction  zone. 

Plasticity,  or  plastic  deformation,  of  metals  is  caused  by  slip,  or  shear,  deformation 
of  metal  atoms  on  specific  crystallographic  planes  called  slip  planes.  In  order  for  this 
deformation  to  occur,  a  high  density  of  crystalline  imperfections  which  are  known  as 
dislocations  must  be  present  in  the  metal.  These  dislocations  are  created  in  extremely 
large  numbers,  approximately  10^  cm/cm^,  as  the  metal  solidifies,  and  also  when  the  metal 
is  deformed  (47:275).  Slip  usually  occurs  on  the  closest  packed  planes  of  the  metal 
crystal,  and  only  occurs  when  the  applied  stress  exceeds  the  yield  stress  of  the  metal.  A 
close  examination  of  slipped  surfaces  of  metals  reveals  that  slip  occurs  on  many  slip 
planes  within  a  single  slip  band.  A  slip  band  is  defined  as  a  line  marking  on  the  surface  of 
a  metal  due  to  slip  caused  by  permanent  defcxmation  (47:3 14).  Thus,  the  existence  of  slip 
bands  in  a  material  implies  that  plasticity  has  occurred. 

The  slip  characteristics  '»f  a  material  strongly  influence  the  microscopic  mode  of 
fatigue  crack  growth.  In  ductile  solids  such  as  the  Ti-lS-3  matrix  used  in  this  research, 
cyclic  crack  growth  can  be  thought  of  as  a  process  of  intense  localized  deformation  in  slip 
bands  near  the  crack  tip,  which  in  turn  leads  to  the  creation  of  new  crack  surfaces  by  shear 
decohesion.  When  the  crack  and  the  zone  of  plastic  deformation  surrounding  the  crack  tip 
are  confined  to  within  a  few  grain  diameters,  crack  growth  occurs  predominantly  by  single 
shear,  in  the  direction  of  the  primary  slip  system  (48: 195).  Thus,  the  crack  appears  to 
grow  along,  or  parallel  to  the  slip  bands.  This  is  shown  in  Fig.  19,  and  has  been  termed 
Stage  I  crack  growth  by  Forsyth  (12:63). 
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Figure  19.  Forsyth's  Model  FtM*  Stage  I  and  II  Fatigue  Crack  Growth 
If  the  crack  tip  stress  intensity  range.  (AK),  is  increased,  the  plastic  zone  at  the  crack 


tip  encompasses  many  grains,  and  results  in  simultaneous  or  alternating  flow  along  two 
slip  systems,  resulting  in  a  planar  crack  normal  to  the  applied  stress  (48;  197).  Thus,  the 
slip  bands  appear  to  emanate  from  the  crack  tip.  This  is  shown  in  Fig.  20,  and  has  been 
termed  Stage  II  crack  growth  by  Forsyth  (12:64). 

In  monolithic  nudeiials,  slip  is  a  surface  phenomenon  and  generally  emanates  from 
discontinuities  on  the  specimen  surface.  However,  the  fibers  of  a  MMC,  the  90**  fibers  in 
particular,  act  as  discontinuities  within  the  specimen  and  are  ptMent  nucleation  sites  for 
slip.  Figure  20  illustrates  typical  slip  band  nucleation  at  both  O'*  and  90**  fibers. 
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Figure  20.  Typical  Slip  Band  Nucleation  in  the  Cross-Ply  Laminate 
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Stage  II  crack  growth  in  many  engineering  alloys  leads  to  fatigue  Uriations;  the 
cyclic  opening  and  closing  of  the  crack  develops  a  pattern  of  ripples  on  the  fracture 
surface.  Thus,  these  marks  are  indications  of  pmodic  crack  advance  and  arrest.  It  is 
significant  to  note,  howevo-,  that  these  striations  are  not  always  found  on  fatigue  fracture 
surfaces,  since  "...fatigue  cracks  sometimes  propagate  without  leaving  striations  on  the 
fracture  surface"  (1 1 ;  39). 

Fractography,  or  the  examination  of  the  fracture  surface  using  very  high 
magnification  microscopes,  has  the  potential  of  providing  information  on  the  cause  of 
specimen  failure,  and/or  the  fatigue  crack  growth  process.  Two  basic  types  of  fracture 
surfaces  are  those  characterized  by  brittle  cleavage  and  ductile  void  coalescence. 

Brittle  cleavage  is  caused  by  direct  separation  along  ciystallognq>hic  planes  due  to  a 
simple  breaking  of  atomic  bonds  (8:40),  vidiidi  is  generally  associated  with  crack 
propagation  through  the  material.  The  flat  cleavage  facets  which  are  formed  have  a  high 
reflectivity,  which  gives  the  fracture  surface  a  bright  shiny  appearance.  In  contrast,  a 
fracture  surface  formed  by  ductile  void  coalescence  is  generally  very  dull.  This  type  of 
surface  is  generally  formed  by  an  overload  in  tension,  during  which  the  intermediate 
particles  of  sub-micron  size  lose  cdierence  with  the  matrix,  causing  extreme  plastic  flow 
to  occur  in  their  vicinity,  resulting  the  classic  cup  and  cone  type  fracture  (8:40).  When  die 
fracture  surface  is  observed  under  high  magnification,  it  is  covered  with  dimples  which 
represent  the  coalesced  voids. 

TC  RT  Macro-mechanic  Evaluation 

A  rectangular  specimen  geometry  was  used  in  the  TC  RT  tests.  The  majority  of  the 
specimens  broke  within  the  gage  length,  with  scmie  of  the  failures  occurring  closer  to  the 
tabs.  The  175  MPa  specimen,  after  failure,  is  shown  in  Fig.  21. 
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Figure  21 .  Rectangular  Specimen  Geometry  Used  fw  TC  RT  Tests 


The  fatigue  life  data  is  plotted  on  a  maximum  applied  stress  basis  in  Fig.  22,  and  the 
stress,  strain,  fatigue  life,  and  modulus  degradation,  and  dominant  failure  modes  for  the 
tensicm-compressicMi  tests  ccmducted  at  room  tonperature  are  summarized  in  Table  1 . 

The  strain  range  referred  to  in  Table  1  is  defined  as  the  difference  between  tlM  maximum 
and  minimum  strain  during  the  steady-state  strain  pcxtion  of  the  fatigue  life  (Fig.  23). 

Note  that  the  maximum  applied  stress  is  plotted  as  the  function  of  the  fatigue  life.  For  titis 
fully-reversed  tension-cmnpression  fatigue  (R-ratio  =  -1),  tiie  stress  range  is  twice  tiie 
maximum  q)plied  stress.  Thus,  plotting  tiie  stress  range  versus  cycles  to  failure  results  in 
shifting  the  fatigue  life  curve  up  and  to  tiie  right  This  is  not  of  major  consequence  in  this 
section,  or  vv^en  comparing  fatigue  data  generated  at  the  same  R-ratio,  however  it  will 
come  into  play  when  comparing  data  generated  at  different  R-ratios,  or  different  loading 
conditions. 
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Figure  22.  TC  RT:  SN  Curve. 


Figure  23.  Steady-State  Strain  Range 


The  SN  curve  is  divided  into  fatigue  life  regimes.  Regime  1  includes  the  600  MPa 
test  which  had  a  fiber-dominated  failure.  Regime  2a  includes  the  next  two  tests,  445  and 
300  MPa,  which  were  mixed  mode  (fiber  and  matrix  dominated)  failures.  Regime  2 
consists  of  the  225  and  175  MPa  tests;  in  which  matrix  cracking  clearly  dominated  the 
failures  and  fiber  cracking  did  not  occur  until  just  prior  to  specimen  failure.  No  Regime  3 
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tests  were  observed.  It  is  expected  that  if  the  applied  stress  is  lowered  sufficioitly,  a 
Regime  3  would  exist  for  this  material  in  which  specimen  failure  would  not  occur. 

The  first  cycle  for  four  out  of  the  five  tests  revealed  a  knee  in  the  stress-strain  curve 
at  approximately  1 80  MPa  due  to  the  debonding  of  the  90°  fibers.  This  value  has  also  been 
reported  as  the  knee  of  the  static  stress-strain  curve  by  Baker  (4:44).  The  initial  and 
secondary  moduli  fix’  the  five  tests  are  summarized  in  Table  2.  The  average  stiffness 
reduction  after  the  knee  was  1 17.26  percent  of  the  initial  modulus,  and  the  only  specimen 
which  did  not  display  a  knee  was  the  lowest  stress  test,  1 7S  MPa.  This  is  expected,  as  the 
applied  stress  is  lower  than  the  knee.  On  the  other  end  of  the  spectrum,  the  highest  stress 
test,  600  MPa,  underwent  two  changes  in  modulus,  the  second  of  which  occurred  at 
approximately  542  MPa  and  resulted  in  a  39.8  percent  reduction  from  the  initial  modulus. 
This  second  knee  corresponds  to  the  onset  of  plasticity  in  the  zero  degree  fibers.  Newaz 
and  Majumdar  reported  similar  knees,  at  200  and  650  MPa  respectively  (37). 

Just  as  the  reduction  in  stiffness  during  the  first  cyde  indicates  damage  in  the  form 
of  debonding,  the  reduction  in  stiffness  during  the  remaning  fatigue  life  of  a  specimen 
indicates  deformation  in  the  form  of  both  damage  and  plasticity.  As  mentioned  earlier,  the 
stiffness  degradation  is  a  direct  result  of  the  strain  increase,  both  of  which  depend  on  the 
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Maximum 
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175 

125.4 

N/A 

N/A 

225 

129.6 

N/A 

300 

134.8 

N/A 

445 

135.4 

HHB5ISS1H 

N/A 

600 

148.7 

134.8 

N/A  1 

1  *  All  stresses  are  MPa,  all  Moduli  are  GPa  | 
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applied  stress.  The  normalized  ^ffhess  (E/E^)  and  instantaneous  percrat  strain  are 
individually  plotted  vo’sus  cycles  to  failure  in  Figs.  24  and  25.  Both  the  stiffness  and 
percent  strains  are  also  plotted  as  a  function  of  die  normalized  fatigue  life  (cyde/cycles  to 
failure)  in  Figs.  26  and  27.  These  figures  clearly  indicate  the  point  in  the  fatigue  life  at 
which  drastic  changes  began  to  occur.  Several  observation  can  be  made  frrxn  these 
figures. 

The  history  of  the  maximum  and  minimum  strains  during  the  fatigue  life  provides 
useful  informaticxi  about  the  MMC's  response  and  damage  mechanisms  during  the  test 
(35:96).  The  magnitude  of  the  difference  between  the  two  strains  (the  strain  range)  is  an 
indication  of  the  stiffness  of  the  material.  If  the  strain  range  remains  constant,  this 
indicates  that  no  permanent  damage,  and  thus,  no  appreciable  change  in  stiffness,  has 
occurred.  Conversely,  if  the  strain  range  continually  increases,  or  "ratchets,"  this  is  an 
indication  that  damage  is  accumulating  within  the  specimen  in  the  form  of  fiber  breaking, 
matrix  cracking,  or  both.  As  the  strains  be^n  to  increase  with  more  cycles,  more  of  the 
applied  load  is  transferred  to  the  fibers  from  the  damaged  matrix  until  this  increased  fiber 
stress  causes  the  initiation  and  accumulation  of  fiber  breakage  leading  to  failure  (35:97). 

The  number  of  cycles  over  which  this  strain  increase  and  stiffness  decrease  takes 
place  is  dependent  upon  the  magnitude  of  the  applied  load.  It  is  generally  understood  that 
in  the  low  cycle,  high  stress  portion  of  the  SN  curve,  fatigue  failure  is  fiber-dominated.  In 
this  regi(»i,  the  rapid  increase  in  strain,  and  the  associated  decrease  in  stiffness  take  only  a 
few  hundred  cycles,  a  small  portion  of  the  total  fatigue  life.  This  type  of  behavior  is  seen, 
to  varying  degrees,  in  the  600, 445,  and  300  MPa  strmn  and  stiffness  responses.  In  all 
cases,  the  fiber  failure  does  not  initially  translate  to  changes  in  stiffness  until  the  final 
portion  of  the  fatigue  life.  However,  damage  accumulation  is  more  gradual  at  the  two 
lower  stress  levels,  and  can  be  attributed  to  the  matrix  cracking  within  the  445  and  300 
MPa  specimens,  which  was  not  present  in  the  600  MPa  specimen. 
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In  contrast  to  the  mixed-mode  failure  experienced  by  the  44S  and  300  MPa 
specimens,  the  225  and  175  MPa  specimens  appear  to  have  experienced  totally 
matrix-dominated  failures.  On  a  percent  life  basis,  the  decrease  in  stiffness,  and  the 
associated  increase  in  strain,  began  much  earlier  for  these  tests.  Additionally,  the  stiffness 
and  strain  in  both  tests  stabilized,  not  changing  appreciably  for  a  significant  portion  of  the 
respective  fatigue  lives,  indicating  that  although  significant  matrix  cracking  had  occurred, 
the  applied  stress  was  not  large  enough  to  fracture  the  fibers.  The  shorter  stiffness  and 
strain  plateaus  for  the  225  case  indicates  that  the  applied  stress  was  just  high  enough  to 
cause  fiber  failure  earlier  in  the  specimen  life  than  that  for  the  1 75  MPa  applied  stress. 

This  behavior  is  similar  to  the  Critical  Damage  State  (CDS)  introduced  by  Talreja  for 
polymeric  composites  (49: 1 76).  He  explains  that  matrix  cracking  in  off  axis  plies 
increases  with  load  cycles  until  a  saturation  state  ensues,  wherein  a  stable  crack  pattern 
develops.  It  is  only  when  stress  concentrations  caused  by  the  cracks  become  great  enough 
to  cause  damage  to  the  longitudinal  fibers  that  failure  occurs. 

The  similarity  between  the  stiffness  response  for  the  two  lowest  stress  cases  is 
further  illustrated  by  plotting  a  modified  response  for  the  175  TC  RT  case  (Fig.  28).  The 
modification  is  made  by  removing  the  portion  of  the  plateau  in  which  no  appreciable 
change  occurred,  from  cycle  500,000  to  failure.  The  similarity  of  the  two  stiffness 
responses  indicates  similar  dominant  damage  mechanisms  in  both  cases. 


55 


Figure  28.  TC  RT.  Modified  Stiffness  Reduction  vs.  Fatigue  Cycles 


TC  RT  Micro-mechanic  Evaluation 

Regime  1  Test:  600  MPa.  This  highest  stress  level  test  was  clearly  a  Regime  1 
failure.  With  a  veiy  short  fatigue  life  of  1,610  cycles,  micro-mechanic  deformation  was 
dominated  by  fiber  failure  and  matrix  plasticity.  The  edge  replica  evaluation  reflected  that 
the  90°  fibers  debonded  during  the  first  cycle.  Halfway  through  the  cyclic  life,  numerous 
0°  fibers  had  also  debonded  and  broken,  and  reaction  zone  cracks  had  formed  on  the  90° 
fibers,  which  then  nucleated  plasticity  in  the  form  of  slip  bands.  Additionally,  the  0°  fiber 
breaks  caused  the  very  limited  amount  of  matrix  cracking.  Figure  29  illustrates  a 
longitudinally  debonded,  broken  0°  fiber  which  has  caused  a  matrix  crack. 

Examination  of  sectioned  specimens  ranforced  the  damage  progression  as  seen  in 
the  edge  replica  evaluation.  In  addition,  the  post  heat  treatment,  which  was  performed 
after  testing  and  prior  to  sectioning,  highlighted  the  areas  and  extent  of  plasticity  within 
the  specimen.  This  post  heat  treatment  causes  the  very  fine  a  phase  of  the  matrix  to 
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Figure  29.  600  TC  RT:  Debonded,  Broken  0°  Fiber  Causes  Matrix  Cracking  (200x) 


precipitate  in  areas  of  dislocations.  When  etched,  the  a  phase  becomes  white  in  color, 
while  the  beta  phase  becomes  a  dark  brown.  Thus,  areas  of  plasticity  become  more 
evident. 

The  etched  sectioned  specimens  revealed  that  damage  initiated  with  debonding  of 
the  90°  fibers,  followed  by  the  formation  of  reaction  zone  cracks.  These  rzcs  either 
nucleated  slip  bands,  matrix  cracks,  or  both.  Figure  30  displays  debonding  and  reaction 
zone  cracks  in  both  0°  and  90°  fibers.  Additionally,  the  90°  fiber  rzcs  have  caused  matrix 
cracks  which  are  surrounded  by  slip  bands,  and  the  0°  rzcs  have  nucleated  slip  bands  in  the 
absence  of  matrix  cracks. 

Although  slip  bands  predominately  nucleated  at  rzcs,  they  were  also  observed  within 
the  large  |3  grains  very  near  the  fracture  surface.  In  general,  slip  bands  form  within  a  grain 
by  dislocation  movement  along  the  preferred  slip  planes.  These  dislocations  pile  up  at  the 
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Figure  30.  600  TC  RT:  Debonded  Fibers,  RZCs,  and  Slip  Bands  (300x) 


grain  boundaries,  and  with  increasing  strain,  can  nucleate  matrix  cracking.  The  existence 
of  these  intergranular  slip  bands  in  this  test  indicates  that  gross  matrix  plasticity  occurred 
within  the  matrix  near  the  fracture  surface,  and  was  not  isolated  to  the  area  directly 
surrounding  the  fibers  (Fig.  31).  Majumdar  (29)  also  reported  bulk  plasticity  of  the  matrix 
at  a  similar  strain  level  in  his  unidirectional  fatigue  tests  of  SCS-6/Ti-15-3. 

The  etched  sections  also  revealed  an  additional  site  of  matrix  plasticity.  The 
compressive  loads  caused  a  highly  stressed  area  above  and  below  the  90°  fibers,  resulting 
in  white  regions  above  and  below  the  90°  fibers  (Fig.  32).  This  is  a  significant  finding,  as 
it  was  not  seen  in  the  tension-tension  specimens  (see  7T  RT  Micro-mechanic  Evaluation 
section). 
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Load 


Figure  3 1 .  600  TC  RT;  Slip  Bands  Forming  Within  Beta  Grains  (300x) 


Figure  32.  600  TC  RT;  Matrix  Plasticity  Due  to  Compressive  Load  (300x) 
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The  transverse  section  provided  infonnaticm  which  was  not  obtainaUe  via  the  edge 
rq)lica,  which  provided  a  longitudinal  perspective.  Almost  all  of  the  0**  fibers  woe 
debonded.  Since  the  debonds  were  not  due  to  impeding  matrix  cracks,  it  is  evident  that 
the  very  high  compressive  loads  in  this  test  caused  the  debonding. 

Examination  of  the  fracture  surface  revealed  a  combination  of  brittle  deavage  and 
ductile  void  coalescence,  the  latter  being  moe  predominant.  This  highly  dimpled  airface 
(Fig.  33)  is  indicative  of  a  fiber-dominated  tensile  overload  type  failure.  Additimially,  the 
fracture  occurred  on  several  different  90**  layers  within  the  spedmen.  This  is  due  to  the 
fact  that  the  large  amount  of  fiber  failure  which  dominates  Regime  1  occurs  sporadically 
within  the  specimen,  without  regard  to  a  certain  plane.  This  is  in  direct  contrast  to  a  highly 
matrix  dominated  failure  which  usually  occurs  on  the  plane  of  die  dominant  matrix  crack. 
The  fracture  surface  also  revealed  that  many  of  the  90°  fibers  were  broken  through  the 
middle,  indicating  that  the  compressive  loads  caused  radial  fiber  cracking. 


Figure  33.  600  TC  RT:  Fracture  Surface  (369x) 
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Regime  2a  Tests:  445  and  300  MPa  £>ef(xmation  in  the  Regime  2a  tests  di^ayed 
similar  types  of  damage  and  plasticity  as  the  Regime  1  test.  However,  because  Regime  2a 
is  a  mixed  damage  mode  regime,  these  tests  w^e  less  fiber  dominated  and  more  matrix 
dominated.  Thus,  the  extent  of  fiber-induced  damage  and  matrix  plasticity  decreased,  and 
the  amount  and  length  of  the  matrix  cracks  increased,  as  did  the  amount  of  matrix  crack 
induced  damage. 

Edge  replicas  for  the  300  MPa  test  revealed  that  at  the  point  when  the  stiffness 
began  to  decrease  (Fig.  26),  matrix  cracks  formed.  This  occurred  at  approximately  1,000 
cycles,  or  4.5  percent  of  the  fatigue  life  of  the  specimen.  The  cracks  initiated  at  reaction 
zone  cracks  in  both  the  0°  and  90“  fibers  (Fig.  34),  although  the  90“  fiber  rzcs  were  more 
prevalent.  As  the  matrix  cracks  grew,  the  stiffness  continued  to  decrease.  At 
approximately  15,000  cycles,  or  67.3  percent  of  the  life,  the  matrix  cracks  which  initiated 
at  90“  fiber  rzcs  had  grown  all  the  way  to  a  fiber  in  the  next  ply.  As  these  cracks  reached 
the  next  ply,  they  caused  additional  dt^onding  of  the  90“  fibers  and  initial  d^nding  of  0“ 
fibers.  They  then  grew  around  the  fiber,  not  through  it,  and  eventually  grew  to  the  next 
ply.  This  is  referred  to  as  crack  bridging,  and  is  illustrated  in  Fig.  35. 

In  this  photomicrograph,  the  crack  had  initiated  at  a  90“  fiber,  progressed  to  the  0“ 
fiber  in  the  center,  caused  the  ddionding  of  the  fiber/matrix  interface,  grew  around  the  0“ 
fiber,  and  again  grew  into  the  matrix,  ctmtinuing  in  this  manner  from  ply  to  ply.  The 
existence  of  crack  bridging  is  significant,  in  that  it  has  been  found  to  cause  the  rate  of 
crack  growth  to  reach  a  steady-state  value  as  a  consequence  of  reductions  in  near-tip  delta 
stress  intensity  factors  (AK).  This  is  induced  by  pressure  on  the  crack  faces  by  the 
bridging  fibers  (48:266).  This  apparent  improvement  in  the  resistance  to  fatigue  crack 
growth  is  directly  contrasted  with  the  monotonically  increasing  fatigue  crack  growth  in 
monolithic  materials. 


61 


Figure  35.  300  TC  RT:  Crack  Bridging  Around  a  0°  Fiber  (150x) 
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Matrix  cracks  continued  to  grow  until  specimen  failure,  which  occurred  in  die  area 
of  many  previously  broken  fibers.  Some  of  die  fiber  breaks  occurred  within  die  first  1,000 
cycles  of  the  fatigue  life,  and  then  just  before  failure.  This  damage  progression  is  expected 
to  have  been  the  same  fcx*  the  445  MPa  test;  however,  edge  rqilicas  were  not  taken. 

The  etched  specimen  sections  revealed  additional  matrix  crack  induced  damage 
which  was  not  seen  in  the  R^me  1  test.  Matrix  cracks  wm  found  to  cause  debonding  in 
O'*  fibers  before  they  (diysically  hit  the  fiber  (Fig  36).  This  is  due  to  the  extremdy  high 
tensile  stress  ahead  of  the  crack  tip  and  the  shear  stress  parallel  to  the  fibers,  which  is 
caused  by  matrix  i^asticity  ahead  of  the  crack.  This  was  also  observed  by  Majumdar  and 
Lerch  in  their  unidirectional  fatigue  tests  (30).  Also  shown  in  this  picture  is  matrix 
plasticity  in  the  form  of  slip  bands  formed  by  die  mode  1  type  fatigue  crack  (see 
Fundamentals  of  Aeromechanic  Evaluation  section). 


Figure  36.  445  TC  RT.  0®  Ddiond  Cwsed  by  Incoming  Matrix  Crack  (750x) 
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Fractogra{riiic  analysis  of  the  fracture  surfaces  also  sug^sted  a  mixed  mode  failure, 
since  both  surfaces  contained  regions  <^britde  cleavage  and  ductile  void  coalescence.  The 
445  MPa  fracture  surface  contained  more  of  the  fast  fracture  type  of  ductile  void 
coalescence,  while  the  300  MPa  contained  less  fast  fracture  and  mcxe  brittle  cleavage 
since  matrix  cracks  wm  more  prevalent  in  this  lower  stress  test.  Figure  37  illustrates  this 
combination  of  failure  modes,  with  a  brittle  cleavage  area  above  the  two  0°  fibers,  and  a 
tensile  overload  region  below  it. 

Further  examination  of  the  fracture  surface  of  the  445  MPa  test  also  revealed  duU 
micro-buckling  of  the  fibers  may  have  occurred.  In  general,  when  fibrous  cmnposites  are 
subjected  to  compressive  stresses,  the  fibers  act  as  long  columns,  and  can  buckle  due  to 
the  compressive  loads  well  before,  or  in  the  absence  of,  overall  buckling  of  the  specimen. 
Additionally,  if  these  fibers  have  ddionded  from  the  matrix,  they  lose  a  significant  amount 
of  the  strength  and  support  it  initially  imparted.  Added  to  this  is  the  fact  that  in  this  test. 


Figure  37.  445  TC  RT;  Brittle  Cleavage  and  Ductile  Void  Coalescence  (300x) 
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as  the  specimen  was  fatigued,  the  matrix  cracks  grew  and  never  fully  closed,  evidenced  by 
the  decreasing  negative  strain  value  throughout  the  life  the  specimen  (Fig  2S).  Thus,  as 
the  compressive  load  was  applied  to  the  specimen,  the  fibers  in  the  vicinity  of  the 
dominant  matrix  crack  were  left  unsupported,  making  buckling  possible.  Figure  38  shows 
several  0**  fibers  which  have  been  forced  intt)  the  surrounding  matrix.  It  is  possible  that 
this  was  due  to  fiber  micro-buckling.  However,  rince  micro-buckling  of  the  0**  fibers  was 
not  observed  on  the  longitudinal  secdtxi,  it  m^  also  be  possible  that  the  ^)ecimen  merdy 
failed  during  the  compression  portion  of  the  fatigue  cycle,  which  would  cause  the  fibers  to 
be  pushed  into  the  surrounding  matrix. 

Regime  2  Tests:  225  and  175  MPa.  These  lowest  stress  level  tests  were  clearly 
Regime  2  failures.  With  Irnig  fatigue  lives  of  2i7,Q^  and  7,287,536  cycles  respeclivdy, 
micro-mechanic  deformation  was  dominated  by  matrix  cracking.  Although  there  is  a 


Figure  38.  445  TC  RT:  Micro-buckling  of  0°  Fibers  (lOOx) 
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agnificant  difFerence  between  these  two  fatigue  lives,  the  micro-mechanic  deformation 
mechanisms  were  very  similar.  The  main  difFo'a'.ce  is  the  duration  of  the  stiffness  and 
strain  plateau  experienced  by  both  specimens.  The  17S  MPa  specimm  experienced  the 
plateau  fcxr  the  last  97  percent  of  its  fatigue  life,  while  the  225  MPa  specimen  experienced 
it  for  the  last  65  percent  of  its  life  (Figs  26  and  27).  It  is  postulated  that  the  higher  stress 
level  caused  fiber  failure  eailier  in  the  225  MPa  fatigue  life,  thus  resulting  in  a  shorter 
plateau  than  that  experienced  by  the  175  MPa  specimen. 

Edge  replica  evaluation  revealed  that,  as  seen  in  all  the  tension-compression  tests, 
matrix  cracks  began  at  90°  fiber  rzcs.  The  matrix  cracking  began  at  0.3  £nd  1 .74  percent 
of  the  175  and  225  MPa  specimen  fatigue  lives,  respectively,  and  continued  to  grow, 
bridging  approximately  five  plies  at  1.37  and  12  percent  of  the  respective  fatigue  lives.  By 
the  beginning  of  the  stiffness  and  strain  plateaus,  cracks  in  both  specimens  bridged  an 
average  of  six  to  eight  plies,  with  a  few  shtxter  cracks  bridging  only  two  to  three  plies. 
Additionally,  during  both  the  175  and  225  MPa  stiffness  plateaus,  the  amount  of  matrix 
cracks  did  not  appear  to  change.  Thus,  the  extent  of  matrix  cracking  on  the  specimen 
edges  shown  in  Fig.  39  was  essentially  the  same  for  last  97  percent  of  the  175  MPa 
specimen  life.  No  fiber  breaks  were  observed  due  to  these  cracks;  as  seen  in  the  Regime 
2a  tests,  the  0°  fibers  were  left  intact  in  the  wake  of  matrix  cracks.  A  few  0°  fibers  failed 
in  the  initial  1,000  cycles  of  both  tests;  it  is  expected  that  these  fibers  were  previously 
flawed,  thus  breaking  under  the  applied  stress. 

Sectioned  specimen  evaluation  revealed  that  the  same  deformation  mechanisms 
observed  on  specimen  edges  occurred  within  the  specimen.  Additionally,  matrix  plasticity 
was  seen  in  the  form  of  slip  bands.  These  slip  bands  formed  in  the  vicinity  of  matrix 
cracks,  as  seen  in  both  Regimes  1  and  2a,  however,  they  were  much  finer  and  closer 
together  in  these  Regime  2  specimens.  Figure  40  shows  these  slip  bands  emanating  from  a 
90°  rzc  induced  matrix  crack  which  has  grown  to  the  adjacent  0°  fiber. 


Figure  39.  175  TC  RT;  Specimen  Edge  After  Failure  (50x) 


Figure  40.  175  TC  RT:  Slip  Bands  Emanating  From  a  Matrix  Crack  (752x) 
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The  fracture  of  both  of  these  specimens  occurred  along  a  single  90**  ply,  with  tlw  britde 
cleavage  type  surface  indiciUive  a  matrix-dominated  failure.  Additionally,  the  90°  fibers 
cleanly  separated,  indicating  that  they  had  debonded  (Fig  41).  The  surfaces  were  flat,  with 
fatigue  striations  emanating  from  the  90°  fibers.  These  striations  are  caused  by  the 
continual  opening  and  closing  of  the  matrix  cracks  (see  Fundamentals  of  Micro-mechanic 
Evaluation  section).  Of  particular  interest  is  the  highly  faceted  and  crystallographic 
morphology  of  the  175  MPa  specimen  fracture  surface.  Figure  42  shows  that,  although 
the  fracture  occurred  along  one  90°  ply,  matrix  cracks  and  slip  planes  occurred  at  many 
different  levels.  The  areas  just  above  the  two  90°  fibers  are  fatigue  striations  resulting 
from  two  separate  matrix  cracks  which  propagated  along  two  different  planes.  However, 
the  middle  region  is  much  more  crystallographic  and  results  from  separation  along  the  slip 
planes  that  emerged  from  the  numerous  matrix  cracks.  Figure  43  is  a  close-up  of  the  area 
between  the  two  striation  regions;  one  can  see  that  this  crystallographic  surface 
morphology  is  merely  a  three  dimensional  result  of  two  dimensional  slip  bands.  Skelton 
has  reported  that  materials  which  show  planar  slip  behavior,  like  Ti-15-3,  usually  display 
this  crystallographically  faceted  mode  of  propagation,  particularly  at  low  AK  (46:205). 

Additionally,  this  highly  faceted  surface  has  also  been  repeated  in  titanium  alloys  by 
several  other  researchers  (38-48).  They  reported  that  below  some  critical  delta  stress 
intensity  factor  (AK)  level,  a  highly  faceted  fracture  surface  appearance  develc^>ed, 
whereas,  above  this  level,  the  fracture  surface  became  much  smoother  overall  and  was 
covered  with  fatigue  striations.  In  each  case,  it  was  believed  that  the  fracture  mechanism 
causing  this  faceted  surface  could  be  correlated  to  the  development  of  a  reversed  plastic 
zone  size  equal  to  the  grain  size  of  the  controlling  phase  in  the  alloy  micro-structure. 

The  initial  plastic  zone  is  developed  during  loading  by  the  application  of  a  stress 
intensity  factor  K,.  When  the  direction  of  loading  is  reversed,  this  stress  intensity  factor  is 
reduced  by  the  value  the  reduced  level  corresponds  to  a  stress  intensity  level  of  Kj. 
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Figure  42.  1 75  TC  RT:  Striations  and  Crystallographic  Facets  (250x) 
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Figure  43.  175  TC  RT;  Close-up  of  Faceted  Surface  (750x) 


Because  the  elastic  stress  distribution  which  was  associated  with  K,  was  truncated 
at  the  Gys  by  local  yielding,  the  subtraction  of  an  elastic  stress  distribution  in  going  from 
Ki  to  K2  causes  the  final  crack  tip  stress  field  tc  drop  into  compression.  At  K2,  a  smaller 
plastic  zone  is  formed  in  which  the  material  experiences  compressive  yielding  (16:533). 
These  two  plastic  zones  are  illustrated  in  Fig,  44.  Paris  (38: 104)  quantified  the  resulting 
smaller  plastic  zone  by  replacing  K  with  h|j,  and  Oyg  with  20ys  in  Equation  2,  resulting  in 
Equation  3. 
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Figure  44.  Reversed  Plastic  Zone  Development 
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Suresh  also  reported  the  existence  of  a  fatigue  crack  growth  threshold  which  results 
in  this  highly  crystallographic  and  faceted  fracture  surface  (48:205).  He  refers  McClintock 
(1963),  who  used  the  criterion  that  fatigue  crack  growth  occurs  when  a  critical  value  of 
local  strain  or  accumulated  damage  over  certain  characteristic  distance  ahead  of  the  crack 
tip  reaches  a  critical  value.  Using  an  elastic-plastic  analysis,  McClintock  stated  that 
fatigue  cracks  may  cease  to  advance  when  the  extent  near-tip  plasticity  becomes 
comparable  to  some  characteristic  micro  structural  size  scale. 

The  above  discussion,  coupled  with  the  current  research,  may  explain  the  apparent 
lack  of  fatigue  crack  growth  during  the  last  97  percent  of  the  175  MPa  specimen's  fatigue 
life.  Thus,  it  is  postulated  that  die  combination  of  striation  and  faceted/crystallographic 
regions  on  the  fracture  surface,  and  the  stiffness  and  strain  plateaus  for  this  specimen 
support  the  conclusion  that  the  critical  value  of  crack  tip  stress  intensity  factor  was 
reached  in  many  different  regions  of  the  failed  specimen. 

In  summary,  the  deformation  mechanisms  differed  for  the  three  observed  regimes  of 
the  SN  curve,  although  the  general  progression  of  deformation  remained  very  similar.  The 
Regime  1  test  was  fib^  dominated  and  experienced  extensive  matrix  plasticity.  The 
Regime  2a  tests  were  mixed  mode  failures  characterized  by  both  fiber  and  matrix 
dominated  failure,  and  experienced  less  matrix  plasticity  than  the  Regime  1  test.  The 
Regime  2  tests  were  highly  matrix  dominated  and  experienced  less  matrix  plasticity  than 
both  the  regime  1  and  2a  tests. 
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TT  RT  Macro-mechaaiic  Evaluation 

A  rectangular  specimen  geometry  similar  to  that  used  for  the  TC  RT  tests  was  used 
for  the  TT  RT  tests  (Fig.  21).  The  majority  of  the  failures  occurred  within  the  gage 
length,  with  some  failing  closer  to  the  tabs. 

Stress,  strain,  fatigue  life,  modulus  degradation,  and  dominant  failure  modes  for  the 
tension-tension  tests  are  summarized  in  Table  3,  and  the  fatigue  life  data  is  plotted  on  a 
maximum  applied  stress  basis  in  Fig.  4S.  Note  that  fen*  this  tension-tension  fatigue  (R- 
ratio  =  0.1),  the  stress  range  (delta  stress)  is  90  percent  the  maximum  applied  stress. 
Thus,  plotting  the  stress  range  versus  cycles  to  failure  results  in  shifting  the  fatigue  life 
curve  down  and  to  the  left.  This  is  not  of  major  consequence  in  this  section,  or  when 
comparing  fatigue  data  generated  at  the  same  R-ratio,  however  it  will  come  into  play 
when  comparing  data  generated  at  different  R-ratios,  or  different  loading  conditions.  The 
strain  range  found  in  Table  3  is  defined  as  the  magnitude  of  the  difference  between  the 
maximum  and  minimum  strains  during  the  steady  state  strain  portion  of  the  fatigue  life. 


Table  3.  TTRT:  Macro-mechanic  Results  Summary 


Mai 

Stress 

(MPa) 

Stress 

Range 

(MPa) 

Max 

Strain 

(•/.) 

Strain 

Range 

(%) 

Regime 

of 

Failure 

Cyctesto 

Failure 

Percent  of 
Initial 
Strain  at 
Failure 
(e^ep*ioo 

Percent  of 
Initial 
Modulus  at 
Failure 
(E|/E)*100 

Dominant 

Failure 

Modes 

200 

180 

QS3 

0.148 

3 

>9.8E6 

=  100 

=  100 

ttq>  (minor) 

250 

225 

■ 

0.175 

2 

1,912,010 

153.64 

61.7 

300 

270 

0.656 

0.238 

2 

646,253 

258 

56.5 

450 

405 

0.559 

0.326 

2a 

40,556 

135 

90.8 

600 

540 

0.581 

0.430 

1 

4,419 

121 

90.6 

1  *  me  =  matrix  cracking,  iiq)  =  matrix  plasticity,  ff= fiber  failure,  db  =  del 

bond  1 
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Figure  45.  TTRT:SNCuivc 


In  each  test,  the  knee  of  the  stress-strain  curve  was  evident  at  approximately  1 80 
MPa.  The  exact  values  for  the  initial,  secondary,  and  third  moduli,  as  applicable  fw  each 
specimen,  are  found  in  Table  4.  The  average  initial  stiffness  for  the  five  tests  was  1 30.99 
GPa.  Just  as  seen  in  the  TC  RT  tests,  the  only  specimen  to  reveal  a  third  reduction  in 
modulus  was  the  600  MPa  specimen;  this  second  knee  occurred  at  S43  MPa,  primarily  due 
to  onset  of  plasticity  of  the  matrix. 

As  mentioned  earlier,  indicators  of  damage  within  the  specimen  include  the  changes 
in  stiffness  and  strain  throughout  the  fatigue  life.  For  this  reason,  the  normalized  stiffness 
and  percent  strain  are  plotted  versus  cycles  to  failure  and  percent  of  fatigue  life,  in  Figs.  46 
through  49,  respectively.  These  figures  reveal  four  different  shapes  of  both  the  stiffness 
and  strain  curves.  The  stiffness  and  strain  curves  for  the  600  MPa  specimen  reveal  that  no 
"steady  state"  condition  is  evident  for  either  parameter.  The  stiffness  curve  displays  a 
continually  inaeasing  negative  slope  beginning  at  cycle  1,  while  the  strain  curve  displays  a 
continually  increasing  positive  slope.  In  contrast,  the  stiffness  and  strain  fcMr  the  450  MPa 
specimen  appear  to  remain  constant  for  the  initial  90  percent  of  the  fatigue  life,  the  curves 
then  take  on  the  same  slope  characteristics  as  do  the  600  MPa  curves;  the  difference  is  the 
percent  of  specimen  life  at  which  the  changes  take  place. 
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Maximum 

Stress* 

Initial 

Modulus 

(E;) 

Secondary  Modulus 
(%  reduction  from  Ej) 

Third  Modulus 
(%  reduction  from  Ej) 

200 

114.05 

N/A 

250 

133.10 

N/A 

300 

125.57 

N/A 

450 

137.76 

N/A 

600 

144.30 

130.99 

N/A  1 

1  *  All  stresses  are  MPa,  all  Moduli  are  GPa  I 
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Figure  46.  TT  RT;  Normalized  Stiffness  vs.  Fatigue  Cycles 
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Ttw  300  and  250  MPa  specimens  experienced  this  st«uly  state  stiffness  and  strain 
condition  for  the  initial  1  and  O  S  percent  of  thdr  fatigue  lives,  respectively.  Beyond  this, 
two  major  changes  took  place.  In  a  manner  rimilar  to  that  of  the  600  and  450  MPa 
specimens,  the  stiffness  and  strain  began  to  decrease  and  increase,  respectively.  However, 
at  200,000  cycles  (32  percent  of  the  fatigue  life),  for  the  300  MPa  test  the  two  curves 
experienced  a  point  of  inflection,  meaning  that  the  stiffness  continued  to  decrease,  but  at  a 
much  slower  rate.  Thus,  the  curve  began  to  level  off  just  before  failure.  The  strain  curve 
behaved  similarly,  also  appearing  to  level  off.  This  point  of  inflection  also  occurred  for  the 
250  MPa  test  at  400,000  cycles  (20  percent  of  fatigue  life).  The  strain  curves  for  the  250 
MPa  specimen  experienced  a  dip  at  approximately  I  million  cycles.  This  is  expected  to  be 
due  to  an  eccentricity  in  the  crack  length. 

The  200  MPa  specimoi  behaved  differently  than  any  of  the  previously  mentioned 
specimens.  Although  the  modulus  did  experience  a  5.3  percent  reduction  during  the  first 
fatigue  cycle,  it  did  not  continue  to  decrease  at  any  point  throughout  the  fatigue  life.  In 
fact,  during  the  last  90  percent  of  the  fatigue  life,  the  modulus  actually  increased  by 
approximately  1.7  percent.  Additionally,  the  strain  decreased  slightly.  Of  particular 
interest  is  that  the  test  was  stopped,  before  failure,  at  approximately  10  millim  cycles,  or 
1 1  days  of  testing.  It  was  concluded  that  since  no  significant  changes  in  dther  stiffness  or 
strain  had  occurred,  this  stress  level  was  below  the  endurance  limit  for  this  material  in  this 
loading  condition. 

In  addition  to  the  shape  changes  in  the  stiffness  and  strain  curves,  the  quantitative 
amount  of  modulus  decrease  and  maximum  strain  increase  over  the  life  of  the  specimen 
can  aid  in  the  characterization  of  the  type  of  failure.  The  600  MPa  specimen  experienced 
a  10  percent  decrease  in  modulus,  and  a  21  percent  increase  in  strain.  Although  the  450 
MPa  specimen  experienced  approximately  the  same  amount  of  modulus  degradation,  it 
experienced  a  significant  amount  of  additional  strain  increase  (35  percent).  This,  coupled 
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with  the  fact  that  the  stiffness  of  600  MPa  ^)ecimen  decreased  continually  over  the  fatigue 
life,  in  contrast  to  the  delayed  stiffness  decrease  of  the  4S0  MPa  specim^  indicates  that 
the  damage  mechanisms  for  the  two  tests  are  different. 

The  300  MPa  specimen  experienced  drastic  changes  in  stiffness  and  strain.  The 
specimen  underwent  a  43  . S  percent  increase  in  modulus,  and  a  1S8  percent  increase  in 
strain.  These  values,  coupled  with  the  large  portion  of  the  specimen  life  in  which  they 
occurred,  indicate  that  the  failure  mode  for  die  specimen  was  dominated  by  matrix 
cracking. 

The  above  discussion,  in  conjuncdmi  with  the  micro-mechanical  discussion  to 
follow,  provide  the  information  necessary  to  separate  the  four  fatigue  tests  into  the 
respective  regimes  of  the  SN  curve.  As  summarized  in  Table  3,  Regime  1  consists  of  the 
600  MPa  test.  Regime  2a  consists  of  the  450  MPa  test.  Regime  2  consists  of  die  300  and 
250  MPa  tests,  and  Regime  3  consists  of  the  200  MPa  test. 

TT  RT  Mcro-mechanic  Evaluation 

Regime  I  Test:  600  MPa.  This  highest  stress  level  test  was  clearly  a  Regime  1 
failure.  With  a  short  fatigue  life  of  4,419  cycles,  micrtxnechanic  deformation  was 
dmninated  by  fiber  failure  and  matrix  plasticity,  while  minor  matrix  cracking  did  occur  just 
befOTe  specimoi  failure. 

The  edge  rqilica  evaluation  reflected  diat  debonding  occurred  during  the  initial 
cycle.  At  cycle  1,000,  or  23  percent  of  the  fatigue  life,  matrix  plasticity  began  at  the  0° 
fiber-matrix  interface,  growing  more  extensive  until  specimen  failure.  Matrix  cracking 
was  not  detected  until  cycle  4,000  (90  percent  of  the  fatigue  life).  The  matrix  cracks  that 
did  occur  were  extremely  short,  and  grew  perpendicular  to  the  loading  direction. 

Examination  of  longitudinally  sectioned  spedmens  also  revealed  that  both  fiber 
breaking  and  matrix  plasticity  were  the  dominant  failure  modes  fw  this  test.  The  sections 
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stowed  that  many  of  the  0**  fibers  were  brdcen,  however,  none  of  the  toserved  fiber 
breaks  appeared  to  cause  matrix  cracking.  The  matrix  cracking  that  did  mist,  without 
exception,  nucleated  at  rzcs,  and  coexisted  with  matrix  plasticity.  Figure  SO  shows  two 
90**  fibers  in  which  rzcs  have  caused  matrix  cracks  to  form.  In  turn,  fiiese  matrix  cracks 
have  nucleated  slip  witfiin  the  matrix.  Of  particular  interest  in  this  picture  is  that  the  rzcs 
are  seen  to  not  only  cause  cracking  within  the  matrix,  but  appear  to  be  causing  a  more 
extensive  debond  of  the  90°  fibers.  In  contrast  to  the  more  commcxi  debonding  which 
occurs  between  the  reaction  zone  and  the  outer  carbon  silicon  layers  of  the  fiber,  the  rzcs 
are  causing  debonding  on  an  additional  layer,  between  the  carbon/silicon  layers  coating 
and  the  bulk  silicon  carbide  (see  Fig.  6).  Evidence  of  extensive  amounts  of  rzcs  on  the 
fracture  edge  (Fig.  SI)  further  emphasize  that  they  play  an  important  role  on  the  initiation 
of  deformation  during  fatigue  loading. 


Figure  50.  600  TT  RT:  90°  RZCs  Nucleate  Matrix  Damage  and  Plasticity  (750x) 
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However,  matrix  plasticity  often  existed  in  the  absence  o£  matrix  cracking, 
nucleating  from  both  90°  and  0°  fibers.  Figure  52  shows  a  portion  of  a  longitudinal 
section  at  the  fracture  surface,  in  which  several  types  oi  deformation  are  evidrat.  The  90° 
fibers  are  slightly  debonded,  and  contain  rzcs  (the  rzcs  are  more  evident  at  higher 
magnificadcxi).  The  rzcs  have  nucleated  slip  bands,  but  as  mentioned  above,  matrix 
cracking  has  not  yet  occurred.  Both  0°  fibers  have  ddionded,  and  the  matrix  between 
these  fibers  and  the  90°  fiber  between  the  two  appears  to  have  necked.  Since,  in  general, 
debonding  occurred  on  the  top  and  bottom  of  the  90°  fibers,  the  debonding  on  the  side  of 
the  90°  fibers  further  away  from  the  fracture  surface,  coupled  with  the  debonding  of  the 
adjacent  0°  fiber,  is  also  evidence  that  the  matrix  necked  under  the  tensile  load. 


Figure  5 1 .  600  TT  RT;  90°  RZCs  On  Fracture  Edge  (400x) 
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Figure  52.  600  TT  RT:  Matrix  Plasticity  and  Necking  Between  Fibers  (150  x) 

Matrix  plasticity  was  also  evident  on  the  unetched  specimen  edge.  Figures  53 
through  55  are  a  progression  of  photomicrographs  showing  slip  bands  which  formed  in  the 
matrix  near  a  0°  fiber.  Since  edge  replicas  were  not  taken  on  this  portion  of  the  specimen 
edge,  the  progression  of  damage  is  unknown.  However,  it  appears  that  a  combination  of 
the  rzc  in  the  nearby  0°  fiber  and  the  gross  plasticity  within  the  matrix  as  a  whole  at  the 
high  strain  level  caused  the  slip  band  formation.  From  the  photomicrographs,  it  is  evident 
that  the  preferred  slip  planes  are  parallel  to  one  another.  Additionally,  the  5000x 
photomicrograph  displays  the  raised  morphology  of  the  slip  bands. 

Fractography  for  this  specimen  revealed  the  tensile-overload  type  of  failure  which 
characterizes  a  fiber-dominated  fatigue  failure.  Although  some  cleavage  type  areas 
existed,  the  dominant  surface  morphology  was  the  dimpled  surface  of  ductile  void 
coalescence.  In  these  regions,  matrix  necking  between  the  failed  0°  fibers  is  clearly  seen 
(Figs.  56  and  57). 
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Figure  55.  600  TT  RT:  Close-up  of  Slip  Bands  (5000x) 


Figure  56.  600  TT  RT;  Fracture  Surface  (50x) 
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Figure  57.  600  TT  RT:  Ductile  Void  Coalescence  and  Necking  (3 13x) 


Thus,  the  replica,  sectioned  specimen,  and  failure  surface  evaluations  support  the 
conclusion  that  the  Regime  1  failure  was  characterized  by  fiber  failure  and  matrix 
plasticity. 

Regime  2a  Test:  450  MPa.  Deformation  Regime  2a  was  similar  to  that  in  Regime  1, 
with  the  exception  that  more  matrix  cracking,  and  less  fiber  breaking  and  matrix  plasticity 
occurred. 

Edge  replica  examination  revealed  that  matrix  plasticity  began  as  early  as  the  lOSth 
cycle  (26  percent  of  the  fatigue  life),  and  emanated  from  both  0°  and  90°  fibers.  Several 
0°  fiber  failures  were  evident  in  the  cycle  10  and  105  edge  replicas  (0.02  and  26  percent  of 
fatigue  life,  respectively).  Matrix  cracks  had  just  begun  at  3 1,664  cycles  (78  percent  of 
fatigue  life),  and  existing  0°  fiber  breaks  had  opened  up.  At  specimen  failure,  matrix 
cracks  and  the  associated  plasticity  bridged  up  to  five  plys  of  the  eight  ply  laminate. 
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Examination  of  the  fracture  surface  reveals  that  a  mixed  mode  failure  occurred.  The 
increased  amount  of  flat,  or  cleavage,  areas  make  it  evident  that  much  more  matrix 
cracking  occurred  in  this  test  than  in  the  Re^me  1  test  In  addition,  the  multi-leveled 
fracture  surface  in  conjunction  with  the  many  dimpled  areas  also  reveal  diat  smne  |He- 
failure  fiber  damage  occurred  during  the  specimen  life  (Figs.  S8  and  59). 
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Figure  59.  450TTRT:  Mixed  Mode  Failure  (150x) 


Regime  2  Tests:  300  and  250  MPa.  These  tests  were  clearly  in  Regime  2  of  the  SN 
curve.  With  646,253  and  1.9  million  cycle  fatigue  lives  respectively,  the  specimen  failures 
were  characterized  by  extensive  matrix  cracking,  matrix  plasticity,  and  very  few  fiber 
failures. 

Edge  replica  evaluation  for  the  300  MPa  test  revealed  that  matrix  cracking  was  just 
beginning  at  1 0,000  cycles  (1.5  percent  of  the  fatigue  life).  By  1 06,000  cycles  ( 1 6  percent 
of  fatigue  life),  approximately  fifty  percent  of  the  matrix  cracks  had  grown  to 
approximately  1/3  of  a  fiber  diameter  long,  not  reaching  the  adjacent  ply.  The  remaining 
fifty  percent  of  the  matrix  cracks  bridged  up  to  three  plys.  These  cracks  grew  much 
longer  by  200,000  cycles;  some  matrix  cracks  spanned  all  8  plys  of  the  specimen. 
Additionally,  matrix  plasticity  around  the  90°  fibers  was  evident.  The  remainder  of  the 
specimen  life  was  dominated  primarily  by  existing  matrix  crack  growth  and  plasticity. 
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Examination  die  sectitmed  300  MPa  specimen  also  revealed  extensive  matrix 
cracking,  matrix  (dasdcity,  and  veiy  limited  fiber  damage.  As  seen  <xi  the  edge  replicas, 
many  of  the  matrix  cracks  spanned  the  entire  thickness  of  the  ^lecimoi,  as  seen  in  Fig.  60. 
Of  particular  interest  in  this  photomicrograph  is  that  the  matrix  crack  grew  around  the  0** 
fibers,  leaving  diem  to  carry  the  load  which  the  damaged  matrix  could  no  longer  support. 
Since  many  of  these  cracks  sparuied  the  endre  specimen  thickness  as  eariy  as  30  percent  of 
the  fatigue  life,  it  is  clear  that  from  that  point  forward,  the  fibers  carried  a  significant 
portion  of  the  specimen  load.  Also  of  note  in  this  photomicrograph  is  that  the  crack  grew 
through  90^  fiber  on  the  right  hand  side;  not  around  it. 

Edge  replica  evaluation  for  the  2S0  MPa  test  revealed  that  matrix  cracking  began  at 
approximately  75,000  cycles  (3.7S  percent  of  fatigue  life).  At  590,000  cycles  (29.5 
percent  of  fatigue  life)  most  rtf'  the  cracks  spanned  the  entire  specimen  thickness.  At 
832,000  cycles  (41 .6  percent  of  fatigue  life)  more  matrix  cracks  existed.  At  1 .5  million 
cycles  (75  percent  of  fatigue  life)  matrix  plasticity  and  fiber  failure  had  occurred. 


Figure  60.  300  TT  RT:  Matrix  Crack  Over  Entire  Specimen  Thickness  (50x) 
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Fnu:togn4)hy  also  indicated  matrix  dcMninated  failures  for  both  tests.  The  fractures 
occurred  along  sin^e  90**  plies,  widi  veiy  little  fiber  pullout,  no  matrix  necking,  and  no 
ductile  void  coalescence  (Fig.  61).  High  magnification  of  the  matrix  r^rnis  revealed  a 
combination  fatigue  striations  and  highly  crystallographic  and  faceted  surfaces  (Figs.  62 
and  63).  This  fracture  morphology  is  very  similar  to  that  found  in  the  175  MPa  tensitm- 
compression  (Re^me  2)  specimen. 


Figure  61.  300  TT  RT:  Planar,  Brittle  Cleavage  Type  Fracture  Surface  (lOOx) 
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Figure  62.  300  TT  RT;  Crystallographic  and  Faceted  Matrix  Surface  (300x) 


Figure  63.  300  TT  RT;  Fatigue  Striations  in  Matrix  Between  Two  90°  Fibers  (650x) 
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Regime  3  Test:  200  MPa.  As  mentioned  in  the  previous  sectitxi,  this  specimen  did 
not  fail  in  over  ten  million  cycles,  thus  it  is  clearly  a  Regime  3  test.  Similar  to  the  Regime 
3  tests  reported  by  Majumdar  and  Newaz  (30),  very  few  matrix  cracks  initiated,  and  those, 
were  quickly  arrested. 

Rzcs  and  a  small  amount  of  matrix  frfasticity  were  evident  in  both  the  edge  replica 
and  specimen  examiiutdons.  Figure  64  shows  a  rzc  v^diich  has  formed  in  die  fiber-matrix 
interface  of  a  90'’  fiber.  The  rzc  has  nucleated  a  matrix  crack  and  matrix  plasticity  in  the 
fixm  of  slip  bands.  The  matrix  crack  was  quickly  arrested,  and  hence  no  failure  occurred. 

TC  HT  Macro-mechanic  Evaluatim 

With  die  exception  of  the  first  300  MPa  test,  each  of  the  above  specimens  failed  in 
the  center  of  the  gauge  length,  or  heat  zone  (Fig.  65).  As  mentioned  previously,  the 


Figure  64.  200  TT  RT:  RZC  Induced  Matrix  Plasticity  (752x) 
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Figure  65.  TC  HT:  Failed  Dogbone  Specimens 


matrix  cracking  induced  by  the  temperature  gradient  was  alleviated  by  placing  the  heat 
lamps  as  close  to  the  hydraulic  grips  as  possible,  heating  the  entire  specimen.  This  method 
was  successfully  employed  for  the  remaining  four  tests. 

Stress,  strain,  fatigue  life,  modulus  degradation,  and  dominant  failure  modes  for  the 
tension-compression  high  temperature  tests  with  the  dogbone  specimens  and  buckling 
guides  are  summarized  in  Table  S,  and  the  fatigue  life  data  is  plotted  on  a  maximum 
applied  stress  basis  in  Fig.  66.  Of  significant  interest  in  both  of  these  is  that  the  fatigue 
lives  of  the  two  lowest  stress  tests  are  significantly  larger  than  the  corresponding  room 
temperature  tests  (although  370  MPa  was  not  tested  at  room  temperature,  an  approximate 
fatigue  life  can  be  estimated  from  the  SN  curve  in  Fig.  22).  Although  the  comparisons  of 
the  room  temperature  and  high  temperature  tests  will  not  be  discussed  in  this  section,  it 
may  be  useful  to  the  reader  to  keep  this  in  mind  when  reviewing  the  information  presented 
here. 
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Max 

Stress 

(MPa) 

Stress 

Range 

(MPa) 

Max 

Strain 

(%) 

Strain 

Range 

(%) 

Regime 

of 

Failure 

Cydes 

to 

Faihire 

Percent  of 
Initial  Strain 
at  Failure 

(ci^ep'ioo 

Percent  of 
Initial 
Modulus  at 
Faihire 

(E|^)*100 

Dominant 

Fadure 

Modes 

300 

300 

600 

600 

0.388 

0.439 

2 

2 

170,900 

154.704 

149.17 

153.00 

89.0 

95.1 

me,  mp 
(difiiised) 

370 

740 

0.360 

0.571 

2 

18,606 

110.10 

95.4 

44S 

900 

0.600 

H 

2a 

8,501 

153.06 

73.6 

ff,  me 
(some),  im> 

525 

1050 

0.474 

0.811 

1 

2,079 

103.03 

92.0 

fr,mp 

*  me  =  matiix  cracking,  mp  =  matrix  plasticity,  ff = fiber  faihire,  db  =  debond 


The  initial  cycle  for  each  of  the  high  temperature  tests  revealed  a  knee  in  the  stress- 
strain  curve  at  average  stress  of  84  MPa,  with  a  reduction  in  stiffness  averaging  15.02 
percent  (Table  6).  The  knee  occurred  at  a  significantly  lower  stress  level  than  the  180 
MPa  for  the  room  temperature  tests.  This  is  expected,  and  can  be  attributed  to  the 
relaxation  of  the  compressive  residual  stresses  around  the  fibers  due  to  the  higher 
temperature  implying  fiber/matrix  debonding  at  a  lower  stress  level.  Additionally,  three  of 
the  five  specimens  exhibited  a  second  knee  at  350  MPa,  resulting  in  a  stiffness  decrease 
averaging  23.26  percent.  This  knee  also  occurred  at  a  significantly  lower  than  the  542 
MPa  for  the  room  temperature  tests.  Thus,  it  is  clear  that  the  elevated  temperature 
hastens  the  onset  of  debonding  and  plasticity  of  the  matrix. 

_ Table  6.  TC  HT:  Initial,  Secondary,  and  Third  Moduli  During  First  Cycle 


Maximum 

Stress* 

Initial  Modulus*  (Ej) 
/Stress  Value  at 
Transition 

Secondary  Modulus, 
(Reduction  from  Ej) 

Third  Modulus  /Stress 
Value  at  Transition, 
(Reduction  from  E;) 

300  Test  1 

125.4/70 

N/A 

300  Test  2 

119.5/110 

N/A 

370 

136.4/90 

445 

131  7/60 

1  113.1(14.12%)  1 

102.2/350  (22.39%) 

525 

133.2/90 

129.24/84 

*  All  stresses  are  MPa,  all  moduli  are  GPa 
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The  stiffness  reduction  and  strain  increase  for  each  of  the  tests  throughout  the 
respective  fatigue  lives  and  normalized  fatigue  lives  are  found  in  Figs.  67  through  70. 
Several  observations  can  be  made  from  these  figures.  First,  the  two  highest  stress  level 
tests,  S2S  and  445  MPa,  behaved  as  expected;  as  the  stress  level  was  reduced,  the  amount 
of  stiffness  degradation  increased  due  to  the  decreased  prevalence  of  fiber  failure  and  the 
increased  prevalence  of  matrix  cracking.  This  was  seen  both  in  the  TC  RT  and  TT  RT  test 
cases.  However,  the  remaining  two  stress  level  tests  did  not  follow  such  a  pattern.  The 
370  and  300  MPa  tests  had  much  smaller  stiffness  reductions  to  only  95. 4,  89.0  and  95.1 
percent  of  the  initial  moduli,  respectively.  Additionally,  the  stiffness  for  the  300  MPa  tests 
increased  to  1 . 1  times  the  initial  stiffness.  This  increase  of  stiffness  resulting  from 
extended  exposure  to  the  elevated  temperatures  at  low  stress  levels  has  been  reported  by 
Sanders,  and  is  possibly  due  to  hydrogen  diffusion  within  the  matrix  (44:95).  It  is  clear 
that  the  mechanisms  for  specimen  failure  must  differ  between  the  two  higher  and  lower 
stress  levels. 

Further  illustrating  this  point  is  that  the  increase  in  strain  behaved  in  a  similar 
manner.  The  two  highest  stress  levels  behaved  as  expected.  For  instance,  the  525  MPa 
specimen  strain  increased  only  slightly,  as  can  be  expected  fr(xn  a  Regime  1  test 
dominated  by  fiber  failure.  The  445  MPa  specimen  strain  increased  more,  indicating  a 
combination  of  fiber  and  matrix  damage.  However,  the  two  lowest  stress  levels,  which  in 
TC  RT  and  TI  RT  tests  had  larger  strain  increases,  showed  only  nominal  increases  before 
failure  at  high  temperature 

Clearly,  the  micro-mechanic  mechanians  causing  this  drastic  diffidence  in  behavior 
must  be  examined,  especially  in  light  of  the  extended  fatigue  lives  of  the  specimens  at  the 
two  lower  stress  levels. 
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Figure  67.  TC  HT;  Normalized  Stiffness  vs.  Fatigue  Cycles 
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Figure  69.  TC  HT:  Normalized  Stiffness  vs.  Normalized  Fatigue  Ufe 


Figure  70.  TC  HT :  Percent  Strain  vs.  Normalized  Fatigue  Life 
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TC  HT  Micro-mechanic  Evaluation 

Regime  I  Test:  525  MPa.  This  highest  stress  level  test  was  clearly  a  R^me  1 
failure.  With  a  short  fatigue  life  of  only  2,079  cycles,  the  micromechanic  deformation  was 
dominated  by  fiber  failure  and  matrix  plasticity. 

The  edge  replica  evaluation  revealed  dd}onding  of  the  90^*  fibm  after  tiie  initial 
cycle.  At  699  cycles,  (v  33  percent  of  the  fatigue  life,  extensive  O'*  fiber  breaks  had 
occurred.  At  this  time,  no  matrix  cracks  or  matrix  plasticity  was  evident. 

Evaluation  of  the  sectioned  specimen  confirmed  that  0°  fiber  failure  had  occurred. 
Additionally,  extensive  90**  fiber>matiix  ddionding  was  discovered.  Of  particular  interest 
is  that  this  drastic  ddionding  occuired  mainly  in  the  areas  of  the  interface  which  were 
perpendicular  to  the  applied  load,  indicating  that  the  compressive  portion  of  tiie  fatigue 
load  was  the  cause.  This  can  be  partially  explained  by  the  rdaxation  of  the  tensile  residual 
stresses  in  the  matrix  surrounding  the  fibers.  These  residual  stresses  are  present  due  to  the 
coefficient  of  thermal  expansitxi  mismatdi  between  the  fiber  and  matrix  and  are  partially 
rdieved  by  heating  the  specimen  to  427'’C,  as  vnll  be  discussed  in  Chapter  S.  For  this 
reason,  the  matrix  in  the  area  surrounding  these  90**  fibo^  experiences  a  higher 
compressive  load  at  elevated  temperature  than  at  room  temperature.  Thus,  the  SK)** 
fiber-matrix  interface  is  more  highly  stressed,  causing  mcxe  extreme  dd}onding,  often 
times  not  only  between  the  rzc  and  the  silicon/carbon  layers,  but  also  between  these  layers 
and  the  bulk  SiC.  In  addition  to  this  debonding,  several  of  these  fibers  contained  radial 
cracks,  also  due  to  the  compressive  loading.  Figure  71  illustrates  this  debonding  and 
radial  fiber  cracking.  Slip  bands  can  also  be  seen  emanating  ffrnn  the  dd)cxid. 

Although  matrix  cracking  did  not  seem  to  be  the  dominant  damage  mechanism, 
some  did  »cist.  These  cracks  emanated  from  rzcs  in  the  90°  fiber  matrix  interface,  never 
spanned  more  than  two  plys,  and  were  always  accompanied  by  extreme  amounts  of 
plasticity.  The  majority  of  this  plasticity  was  diffused  (seen  as  areas  of  white  on  the 
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etched  specimens)  indicating  a  very  high  density  of  dislocations,  rather  than  highly  defined 
as  seen  (as  distinct  slip  bands)  at  nxm  temperature.  Additionally,  q)proadiing  matrix 
cracks  oftm  caused  dd)onding  of  the  0**  fibers.  A  typical  legirai  omtaining  matrix  aadcs, 
O'*  ddxmding,  and  plasticity  can  be  seen  in  Fig.  72.  Transverse  secticms  revealed  drat 
srane  dd)onding  between  the  outer  two  silicon/carbrat  layers  of  the  O'*  fibers  had  occurred. 
No  longitudinal  cracks  formed  and  no  plastidty  around  the  O'*  fibers  was  evident. 

Examination  of  the  fhumire  surface  revealed  that  fiber  fi'acture  occurred  befrae 
matrix  failure,  or  donunant  matrix  cracking.  This  can  be  seen  in  Fig.  73,  whoe  die  matrix 
is  covered  with  ductile  void  coalescence.  Thus,  it  is  concluded  that  this  highest  stress  test 
failed  predominandy  due  to  fiber  failure,  althou^  matrix  plastidty  and  nratrix  cracking 
were-definitely  contributing  factras. 


Figure  71.  S25TCHT:  Extensive  Dd)ond  and  Radial  Fiber  Crack  (500x) 
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Regime  2a  Test:  445  MPa  Deformation  in  the  R^me  2a  test  displayed  similar 
types  of  damage  and  plasticity  as  the  R^me  1  test.  Howew,  considerably  more  matrix 
cracking  was  evidoit. 

Edge  rqslicas  revealed  that  2,360  cycles,  (x*  3 1  percoit  of  die  fatigue  life,  many  0° 
fibers  had  brcdcen.  At  6,777  cycles,  or  79.7  percent  of  the  fatigue  life,  matrix  cracks  had 
grown  from  90**  fibm  and  spanned  up  to  five  plys.  It  is  significant  to  note  that  although 
these  cracks  existed,  their  occurrence  was  not  extensive.  In  other  wm-ds,  the  cracks  were 
long,  but  they  were  few  and  far  between.  Also,  since  they  were  not  detected  up  to  2,360 
cycles,  but  had  grown  up  to  five  plys  by  6,777  cycles,  it  is  suggested  that  the  matrix  cr^k 
growth  rate  may  be  accelerated  by  the  increased  temperature. 

Examination  of  sectioned  spedmens  revealed  a  combination  of  fiber  and  matrix 
damage  and  plasticity.  Again,  the  matrix  cracks  were  Icxig,  but  few  and  far  between.  Of 
pardcular  interest  is  that  matrix  cracks  were  actually  obs«ved  to  initiate  in  the  matrix 
without  being  nucleated  at  a  rzc  in  a  90°  fiber.  This  is  agnificant  since  it  was  not  seen  in 
either  the  TC  RT  or  TT  RT  tests,  and  indicates  that  the  increase  in  temperature  may 
reduce  the  criticality  dt  die  fiber-matrix  rzc  in  matrix  crack  nucleation.  Also  of  interest  is 
that  in  some  cases,  an  approaching  crack,  instead  of  growing  around  0°  or  90°  fibers  in  its 
path,  as  seen  in  previous  tests,  actually  grew  through  the  fibers.  As  seen  in  the  Regime  1 
test,  matrix  plasticity  was  much  more  diffused  than  at  room  temperature.  Figure  74 
illustrates  these  deformation  mechanisms. 

Although  the  plasticity  was  predominandy  veiy  diffused,  it  was  the  most  defined  in 
the  region  between  the  90°  fibers,  parallel  to  the  load.  The  occurrence  and  extent  cS  this 
plasticity  was  a  function  of  the  proximity  of  the  adjacent  90°  fiber,  the  doser  the  fibers, 
the  more  the  plastidty.  This  indicates  that  the  stress  field  in  die  matrix  betweoi  two  fibers 
is  made  more  severe  when  the  fibers  are  closely  spaced.  This  effect  is  enhanced  by  the 
previoudy  mentioned  relaxatirm  of  the  tensile  residual  stresses  in  the  matrix  at  this 
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Figure  74.  445  TC  HT:  Diffused  Plasticity,  Matrix  Cracking,  Fiber  Breaks  (80x) 

elevated  temperature.  Figure  75  shows  one  of  the  most  defined  areas  of  plasticity; 
although  it  is  still  very  diffused,  dislocations  appear  to  be  concentrated  cm  preferred  slip 
planes  at  equal  angles  from  the  load  cirection.  Transverse  sections  revealed  less  0° 
debonding  than  the  Regime  1  test,  and  no  longitudinal  cracks  existed. 

The  fracture  surface  indicated  both  fiber  breaking  and  matrix  cracking,  since  a 
combination  of  cleavage  and  ductile  void  coalescence  areas  existed.  The  cleavage  type 
fracture  surface  was  predominant,  indicating  that  although  the  matrix  cracks  were  few, 
final  fracture  occurred  along  the  plane  of  one  of  these  matrix  cracks.  Further  supporting 
this  is  the  fact  that  fatigue  striations  existed  on  the  surface,  appearing  to  emanate  from  the 
90°  fibers  (Fig.  76). 
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Figure  75.  445  TC  HT:  Diffused  Slip  Between  Two  90°  Fibers  (400x) 


Figure  76.  445  TC  HT:  Striations  on  Fracture  Surface  Between  90°  Fibers  (500x) 


103 


Regime  2  Tests:  370  and  300  MPa.  Both  the  370  and  300  MPa  tests  woe  matrix 
dominated.  Very  little  fiber  failure  occurred,  and  matrix  plasticity  was  confined  to  areas  of 
matrix  cracking  or  closely  spaced  90°  fibers. 

Edge  replica  evaluation  revealed  that  the  matrix  cracks  were  Itmg,  but  the  amount  of 
matrix  cracking  was  not  extensive.  At  87.3  and  4S.S  percoit  of  the  fatigue  lives, 
respectively,  matrix  cracks  ^laimed  up  to  7  plies. 

Sectioned  specimens  also  revealed  that  matrix  cracking  was  not  widespread,  but 
those  cracks  which  did  exist  were  Itmg,  spanning  the  full  specimen  thickness  in  many 
locations.  Matrix  cracks  appeared  to  grow  perpendicular  to  the  applied  load;  this  diffm 
frcxn  the  room  temperature  tests  in  which  matrix  cracks  most  often  grew  at  an  initial  45° 
angle  fi’om  the  load.  Figure  77  illustrates  matrix  cracks  both  bridging  and  penetrating 
fibers  in  their  paths  and  the  areas  of  plasticity  near  die  cracks. 


Figure  77.  370  TC  HT:  Crack  Bridging,  Radial  Fiber  Crack,  Localized  Hasticity  (7Sx) 
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Examination  of  the  fracture  surfaces  revealed  extenave  fatigue  stiiations  emanating 
from  90**  fibers.  These  stiiations  were  less  sharp  than  those  obsoved  at  ixxxn  temperature 
(Fig.  78),  indicating  the  enhanced  ductility  of  the  matrix  at  high  tmpoature.  Figures  78 
through  80  show  the  striations  at  increasingly  higher  magnification. 

Thus,  the  dominant  deformation  mechanism  for  these  Regime  2  elevated 
temperature  tests  is  matrix  cracking.  The  occurrence  of  this  cracking  is  less  than  seen  at 
room  temperature,  however,  the  extent,  and  the  fatality  of  the  existing  cracks  is  more 
severe  at  higher  temperature.  Of  utmost  importance  is  that  the  onset  of  matrix  cracking  is 
considerably  ddayed  by  both  the  ductility  the  matrix,  and  the  difflisivity  of  the  slip 
within  the  matrix  at  this  higher  temperature.  These  will  be  discussed  in  more  detail  in 
Chapter  S. 


Figure  78.  300  TC  HT:  Fracture  Surface  (200x) 
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Figure  80.  300  TC  HT:  Close-up  of  Fatigue  Striations  (l,200x) 


106 


F.  Analysis/Discussion 


As  previously  menticmed,  the  apparent  lack  of  techniques  for  p^forming  tensitm- 
compression  fatigue  of  MMCs  has  resulted  in  a  significant  gap  in  the  full  characterization 
of  the  damage  mechanisms  associated  with  this  promising  new  class  of  engineering 
materials.  This  research,  the  first  load-controlled  fully-reversed  fatigue  testing  to  be 
performed  on  a  MMC,  seeks  to  extend  the  existing  knowledge  of  fatigue  damage 
mechanisms  to  include  the  tension-compression  loading  conditicm  required  for  full 
characterizaticm  of  the  MMC  damage  mechanisms.  This  chapter  will  explain,  in  a  detailed 
manner,  the  effects  of  tension-compression  fatigue  as  compared  with  tension-tension 
fatigue  at  room  temperature,  and  the  effects  of  elevated  isothermal  temperature  on  the 
tensi(m-compression  fatigue  loading  condition.  To  accomplish  this  task,  both  the 
micromechanic  and  macromechanic  evaluaticms  fm*  each  of  the  three  loading  cases 
{Chapter  IV)  will  be  employed. 

There  is  not,  however,  a  clear  cut  manner  in  which  to  compare  fatigue  data  collected 
under  different  R-ratios.  The  maximum  applied  stress  criterion,  found  in  much  of  die 
literature,  works  well  for  most  tension-tension  fatigue  data.  However,  it  ctxnpletely 
ignores  SO  percent  (the  compression  portion)  of  the  tension-compression  fatigue  cycle, 
and  must  therefore  be  used  with  discretion.  The  applied  stress  range  criterion,  in  which 
the  stress  range  is  defined  as  the  difference  between  die  maximum  stress  and  the  minimum 
stress  during  the  steady  state  strain  portion  of  the  fatigue  life  (Fig.  23),  attempts  to 
reconcile  this  shortcoming  by  accounting  ftx  the  entire  fatigue  cycle,  and  is  therefore 
applicable  to  the  tension-compression  fatigue  loading  case.  Some  authors,  however,  have 
suggested  that  fatigue  life  appears  to  be  strain  (not  stress)  dominated,  and  thus  propose 
that  a  strain  range  criterion  should  be  used  to  compare  fatigue  data  performed  under 
different  loading  conditions,  (m*  R-ratios  (30;  1). 
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Thus,  comparisons  will  be  made  between  TC  RT  and  TT  RT  using  the  maximum 
stress,  stress  range,  and  strain  range  criteria.  Advantages,  shortctxnings,  and  the 
applicability  of  each  criterion  will  be  discussed.  Since  the  maximum  stress,  stress  range, 
and  strain  range  criteria  yield  similar  comparisons  between  the  TC  RT  and  TC  HT  cases, 
this  will  be  discussed  in  tme  section. 

Additicmally,  because  MMCs  are  multicomponent  systems  in  which  the  dtxninant 
component  (fibo'  or  matrix)  of  fulure  changes  with  the  loading  condition,  and  because 
elevated  temperatures  change  the  initial  stress  state  of  the  components  in  the  high 
temperature  tests,  a  constituent  stress  criterion  which  examines  the  micro  stresses  in  both 
the  fiber  and  the  matrix  individually,  provides  valuable  insight  into  the  deformation 
mechanisms  active  within  each  loading  case,  and  may  provide  a  common  factor  with 
which  data  obtained  in  different  loading  conditions  can  be  compared.  Since  this 
information  cannot  be  determined  experimentally,  an  analytical  technique  must  be 
employed.  METCAN,  the  Metal  Matrix  Composite  Analyzer,  which  was  developed  by 
Hopkins  and  Murthy  (18)  at  NASA's  Lewis  Research  Center,  is  used  to  model  the 
constituent  microstresses  in  the  three  loading  cases:  TC  RT,  TT  RT,  and  TC  HT. 

TCRTvs.  TT  RT  Comparison 

Maximum  Stress.  Figure  Slcompares  the  measured  data  from  two  cases;  TC  and 
TT  at  room  temperature.  It  clearly  shows  that  on  a  maximum  applied  stress  basis,  the  TT 
fatigue  lives  were  much  longer  than  the  TC  fatigue  lives.  Thus,  it  is  apparent  that 
although  the  TC  and  TT  specimens  with  equivalent  maximum  stresses  underwent  the  same 
tensile  load,  the  compressive  load  experienced  by  the  TC  spedmens  contributed  to 
specimen  failure.  It  definitely  had  a  detrimental  effect,  since  superimposition  of 
compression  reduced  the  fatigue  life  at  a  given  maximum  tensile  stress. 
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Figure  81.  Maximum  Stress  SN  Curve:  TC  RT  vs.  TT  RT 


The  micro-mechanic  evaluations  revealed  se^'eral  different  damage  mechanisms 
which  distinguished  the  TC  case  from  the  TT  case.  The  fiber-matrix  dd}onding  was  more 
extensive  in  TC  than  in  TT.  For  example,  almost  eveiy  0°  fiber  in  the  600  MPa  TC 
transversely  sectioned  specimen  was  severely  debonded.  The  equivalent  TT  sectioned 
specimen  revealed  some  O'*  debonding,  but  not  nearly  as  extensive,  or  as  wide  spread  as  in 
the  TC  case  (Fig.  82).  This  indicates  that  the  compressive  loads  of  the  TC  fatigue  cycle 
cause  additional  debcmding  of  the  0°  fibers. 

In  addition  to  the  0°  debonding,  the  90^*  ddjonding  was  also  more  extensive.  In  the 
TT  case,  the  90*^  debonding  occurred  primarily  cm  the  top  and  bottom  of  the  fibers,  along 
the  load  line  {longitudinal  debonding).  In  the  TC  case,  longitudinal  dd}onding  was 
present,  but  in  addititm,  transverse  debonding,  or  debonding  perpendicular  to  the  load 
occurred  frequently  (Fig.  83). 
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Figure  82.  600  TC  RT  (top)  and  600  TT  RT  (bottom):  0®  Dd>onding  (500x) 

Additional  sites  of  matrix  plasticity  w«ie  also  evident  in  the  TC  spedmois.  As 
mentioned  in  the  micro-mechanic  evaluatimi  for  TC  RT,  plasticity  was  found  in  the  matrix 


regi(Hi  directly  above  and  below  the  90**  fibers,  alcxig  the  load  line.  Aldiough  this 
plasticity  was  not  found  to  nucleate  matrix  cracks,  it  is  an  indication  of  the  diffomce  in 
the  state  of  stress  for  the  two  load  cases.  These  additional  sites  of  90°  debonding  and 
matrix  plasticity  are  illustrated  in  Fig.  83. 

Stress  Range.  Directly  contrasting  the  maximum  stress  comparison.  Fig.  84  deariy 
shows  that  on  a  stress  range  basis,  the  TC  fatigue  lives  are  much  longer  than  the  TT 
fatigue  lives.  Thus,  it  is  evident  that  although  additional  deformation  mechanisms  exist 
within  the  TC  load  case,  the  compressive  load  compriang  half  of  the  load  range  in  the  TC 
case  is  not  as  detrimental  as  a  load  range  comprised  of  tensile  loads  twice  that  value  (i.e., 
the  TT  load  case). 

This  difference  can  be  explained,  in  part,  by  the  tensile  mean  stresses  present  in  the 
TT  case.  Mean  stress  is  defined  as  the  average  of  the  maximum  and  minimum  stress; 


Figure  83.  Debonding  and  Matrix  Plasticity:  TC  RT  vs.  TC  RT 
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Figure  84.  Stress  Range  SN  Curve;  TC  RT  vs.  TT  RT 


Therefore,  the  TT  specimens  experienced  a  poative,  or  tensile  mean  stress,  while  the  TC 
specimens  experienced  no  mean  stress^.  As  previously  discussed  (see  Chapter  2),  die 
mean  stress  can  have  a  substantial  influence  on  fatigue  behavior,  with  tensile  mean  stresses 
being  detrimental  to  fatigue  life.  Thus,  the  toinle  mean  stresses  present  in  the  TT  tests 
appear  to  have  had  an  adverse  effect  on  the  fatigue  lives  of  these  spedmois  as  compared 
to  the  TC  fatigue  lives  (Xi  a  stress  range  basis. 

Lerch  and  Halford  (26),  in  their  research  of  a  [±30]g,  SCS-6/Ti-lS-3  laminate  under 
strain-controlied  fully-reversed  fatigue,  also  found  diat  on  a  stress  range  baas,  the  TC 
fatigue  lives  were  several  orders  of  magnitude  greater  than  load-controlled  TT  fatigue 
lives.  ThQT  reported  that  this  was  due,  in  part,  to  the  tenale  mean  stresses  in  the  TT  tests, 
and  thus  employed  a  modified  Goodman  equation  in  an  attempt  to  cmrect  for  these 
stresses.  They  believed  that  this  correction  would  yield  a  better  comparison  between  the 
TT  and  TC  data.  Yet,  the  corrected  data  again  resulted  in  TT  fatigue  lives  lower  than  TC 
fatigue  lives,  by  one  order  of  magnitude. 
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A  physical  interpretation  of  the  tensile  mean  stress  is  that  any  existing  cracks  in  die 
TT  specimen  will  remain  open  throughout  the  fatigue  cycle.  In  contrast,  oacks  in  the  TC 
specimens  with  zero  mean  stresses  will  be  subjected  to  closure  for  a  significant  portion  of 
the  fatigue  cycle.  Thus,  fatigue  crack  growth  would  appear  to  be  greats  in  the  TT  case, 
thereby  reducing  the  TT  fatigue  life  in  comparison  to  the  TC  fatigue  life  at  the  same  stress 
range.  This  can  be  illustrated  by  comparing  the  stiffness  reduction  the  4S0  MPa  TT  and 
225  MPa  TC  specimens,  with  comparable  stress  ranges  of  405  and  450  MPa  respectively. 
Figure  85  clearly  shows  that  equivalent  stress  ranges  in  TC  and  TT  do  not  yield  similar 
stiffness  responses  or  fatigue  lives.  This  can  be  explained  by  the  fact  that  the  slow  rate  of 
matrix  cracking  which  occupied  98.2  percent  of  the  TC  RT  fatigue  life  was 
maintained  by  the  ctmtinual  crack  closure  caused  by  the  compressive  portion  of  the  fatigue 
cycle.  The  specimen  eventually  reached  a  sahiraticm  state  during  which  minimal  crack 
propagation  occurred,  and  the  stiffiiess  platemied.  In  contrast,  matrix  cracking  was  very 
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Figure  85.  Stiffness  Response  Comparison.  225  TC  RT  vs.  450  TT  RT 
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much  accelerated  in  the  4S0  TT  RT  test,  occupying  only  the  final  22  perc«it  of  the  fatigue 
life,  and  a  stiffness  plateau  never  occurred.  Thus,  it  is  apparent  that  the  stress  range 
criterion  does  not  yield  an  accurate  measure  by  which  to  ccmipare  data  collected  at 
R-ratiosofO.l  and-1. 

Strain  Range.  Majumdar  and  Lerch  (30)  have  reptHted  that  the  strain  range 
criterion,  not  the  applied  strange  criterion  discussed  above,  is  a  more  fundamental 
parameter  controlling  die  fadgue  lives  of  MMCs.  In  thdr  study  of  tension-tension  fatigue 
of  unidirectional  SCS-6Ari-lS-3  laminates  widi  IS,  3S,  and  41  percent  volume  fractions 
they  found  that  on  a  strain  range  basis,  die  fatigue  life  data  fdl  within  a  rdadvdy  narrow 
band,  particularly  at  strain  levels  below  0.6  percent.  Additionally,  the  matrix  material 
agreed  reastmably  well  at  strain  levels  below  O.S  percent.  Therefore,  they  concluded  that 
MMC  fatigue  life  is  strain  range  controlled,  especially  in  light  of  the  well  established  fact 
that  the  fatigue  life  of  metals  is  strain  range  controlled. 

With  this  in  mind,  the  TT  and  TC  strrun  range  fatigue  life  curves  are  plotted  in  Fig. 
86.  As  can  be  seen,  the  data  does  not  converge,  as  mentioned  above,  but  yields  a  similar 
comparison  as  the  stress  range  criterion.  If,  however,  one  considers  only  the  portion  of 
the  strain  range  which  places  the  matrix  in  tension,  a  better  ctxnparison  can  be  made.  This 
is  due  to  the  fact  that  if  crack  propagation  is  a  dominant  damage  mechanism,  its  growdi 
will  be  reduced  in  tension-compression,  since  the  crack  is  forced  into  closure  for 
approximatdy  half  of  the  cycle,  or  approximately  half  the  strain  range. 

This  crack  closure  can  also  be  thought  of  on  a  crack-tip  intensity  (K)  basis.  Elber 
(6)  introduced  the  idea  of  an  effective  stress  intensity  factor  range  (AK^),  during  which 
the  fatigue  crack  is  fully  open,  w^ich  he  maintained  that  it  is  necessary  for  the  fatigue 
crack  growth  to  occur.  He  defined  as  the  stress  intensity  factor  when  the  crack  is 
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Figure  86.  Strain  Range  SN  Curve:  TC  RT  vs.  TT  RT 


fully  opoi,  further  defining  AK^  as  the  diffoence  between  the  and  die  nuudmum 
stress  intensity  factor,  K,,.,: 

(5) 

He  ccHicluded  that  the  crack  growth  rate  should  be  based  on  this  effective  stress  intoisity 
factor  range: 

^=/(A*:^)  (6) 

Thus,  aldiough  die  quantitative  values  for  the  crack  tip  intensity  values  vdiich  occurred 
during  the  TC  tests  are  unknown  (these  are  obtainable  only  by  performing  further  tests),  a 
reasonable  estimate  is  that  will  not  be  reached  while  the  spedmen  is  loaded  in 
c(»npression.  Thus,  AK^  can  be  estimated  by  dividing  die  AK  by  a  factor  of  two.  In  the 
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same  manner,  the  effective  strain  range,  can  be  estimated  by  dividing  the  strain  range 
observed  during  the  steady  state  strain  porticm  of  the  fatigue  life,  by  a  factor  of  two.  The 
effective  strain  range  for  the  TC  tests,  and  the  effective  (also  the  full)  strain  range  for  the 
TT  tests  are  plotted  as  a  function  of  fatigue  life  in  Fig.  87.  It  is  clear  that  diis  yidds  a 
better  comparison  than  the  full  strain  range,  stress  range,  or  maximum  stress  ciit«ions. 

TCRTvs.  TC  HT  Comparison 

Previous  studies  have  shown  that  both  the  stiffness  and  ultimate  strength  (UTS)  of 
the  [0/90]2,  SCS-6/Ti-lS-3  laminate  decrease  with  an  increase  in  temperature.  Fortner 
(40)  reported  a  7.S8  percent  decrease  in  stiffness  and  a  16.86  percent  decrease  in  UTS 
(from  890  to  740  MPa)  at  427*’  C.  Majumdar  (37)  repeated  a  36.3  and  33.3  percent 
decrease  in  yield  strength  and  UTS  respectively  for  a  unidirectional  laminate  of  the  same 
material  at  538**  C.  With  this  in  mind,  one  might  expect  that,  fev  equivalent  applied 
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stresses,  the  fatigue  lives  at  high  temperature  would  be  shcMier  than  those  at  room 
tmnperature.  However,  in  the  high  stress  range,  fatigue  lives  at  both  temperatures  wve 
found  to  be  equivalent,  and  at  intermediate  stress  levds,  the  fatigue  lives  diverge,  the  HT 
specimens  actually  having  much  longer  fatigue  lives  than  the  RT  specimens  (Figs.  88  and 

89) .  Thus,  die  devated  tempmture  has  litde  effect  on  spedmen  failure  in  the  fiber 
dominated  regiem  of  the  SN  curve,  but  begins  to  take  effect  in  the  portion  of  the  curve  in 
which  die  matrix  takes  a  more  dominant  rde.  This  is  expected,  since  the  fibers  are  not 
affected  by  increases  in  temperature  up  to  1 100°C  (39).  Also  of  interest  is  that  on  a  strain 
rangf  basis,  the  TC  HT  specimens  had  equivalent  lives  in  the  high  strain  range  region,  but 
at  intermediate  and  small  strain  ranges,  the  TC  HT  specimens  had  longer  fatigue  lives  (Fig. 

90) .  This  is  an  indication  that  die  material  can  withstand  larger  strain  ranges  at  devated 
temperature  before  specimen  failure  occurs. 
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Figure  88.  Maximum  Stress  SN  Curve:  TC  RT  vs.  TC  HT 
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Figure  89.  Stress  Range  SN  Curve:  TC  RT  vs.  TC  HT 
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To  illustrate  this  point,  Uie  strain  response  of  two  tests  which  were  found  to  be 
strongly  influenced  by  fiber  failure,  the  44S  MPa  RT  and  HT  tests,  are  plotted  in  Fig.  91 . 
With  nearly  identical  fatigue  lives  of  8,296  and  8,501  cycles  respectively,  the  strain 
response  for  b<^  the  RT  and  HT  specimens  were  nearly  identical.  Thus,  it  is  evident  that 
the  increase  in  temperature  had  little  effect  on  the  fiber  strengdi  which  dominated  failure  at 
this  stress  levd.  This  is  in  accordance  widi  research  presented  by  Pollock  and  Jdinson 
(39)  in  which  the  SCS-6  fiber  strength  and  stiffness  were  found  to  be  virtually  unaffected 
by  increased  temperatures  up  to  1 100°  C.  Therefore,  it  is  concluded  that  the  increase  in 
temperature  to  427°  C  does  not  influence  the  fatigue  lives,  or  the  stiffness  and  strain 
responses,  of  the  specimens  fatigued  in  the  primarily  fiber-dominated  region  of  the  SN 
curve.  Figure  91  clearly  demonstrates  this  theoiy. 

Conversely,  the  effect  of  the  increase  in  t^po’ature  strongly  influenced  the  fatigue 
lives  and  strain  responses  of  the  r  utrlx  dominated  tests,  such  as  the  300  MPa  tests.  The 


Figure  91.  Percent  Strain  vs.  Cycles:  445  TC  RT  and  445  TC  HT 
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two  HT  specimens  cycled  at  this  stress  level  had  fatigue  lives  o€ 6.93  and  7.66  times 
Itmger  than  their  RT  counterpart.  Additionally,  significant  differences  can  be  observed 
between  the  RT  and  HT  strain  responses  (Fig.  92).  The  RT  specimen  strain  continually 
increased  throughout  the  22,297  cycle  fatigue  life,  and  the  edge  replica  evaluation 
inrhcated  that  the  matrix  cracking  began  at  approximately  1,000  cycles  and  cxmtinued  for 
the  remaining  95  percent  of  the  fatigue  life.  In  contrast,  the  HT  specimm  strain  remained 
virtually  constant  throughout  the  first  50,000  cycles  of  the  170,900  cycle  fatigue  life,  and 
edge  replica  evaluation  indicates  that  the  matrix  cracking  began  at  approximately  52,000 
cycles,  and  continued  for  the  remaining  70  percent  of  the  fatigue  life.  Thus,  it  is  strongly 
suggested  that  the  (xiset  of  matrix  cracking  is  delayed  by  the  increase  in  temperature,  and 
that  (Mice  it  begins,  matrix  cracking  occupies  less  of  the  fatigue  life  than  at  room 
temperature. 

However,  to  substantiate  such  a  claim,  one  must  examine  the  micro-medianic 


Figure  92.  Percent  Strain  vs.  Cycles:  300  TC  RT  and  300  TC  HT 
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response  of  the  material.  Two  major  differences  in  the  damage  mechanisms  were 
observed  during  the  micro-mechanic  evaluations.  First,  the  crack  pitch,  d^ned  as  the 
average  distance  between  matrix  cracks  (2:295),  was  extremely  large  at  high  temperature. 
The  majority  of  these  few  matrix  cracks,  howev^,  had  grown  to  span  the  entire  thickness 
of  the  specimen  at  failure.  In  contrast,  the  crack  pitch  was  orders  of  magnitude  smaller  for 
the  RT  tests.  Of  the  many  matrix  cracks  which  ousted  at  failure,  many  spanned  only  one 
to  two  plys,  with  some  bridging  0°  fibers  to  span  the  full  specimen  thickness.  These 
differences  can  be  easily  seen  by  comparing  photomicrographs  of  the  specimen  edges  after 
failure  (Fig.  93). 

The  above  observations  lead  to  the  conclusion  that  the  titanium  matrix  and  the 
fiber-matrix  reaction  zone  become  mtx’e  ductile  at  the  elevated  temperature.  This 
increased  ductility  vm  also  reported  by  Majumdar  (28:22)  in  his  monotonic  testing  of  a 
[90],  SCS-6/Ti-lS-3  laminate.  He  reported  that  the  fiber-matrix  bond  strength  increases 
as  a  result  of  the  ductility  of  the  reaction  zone.  Lerch  and  Saltsman  (27)  also  observed 
this  phenomenon  in  their  monotonic  tension  tests  at  427°  C.  They  reported  that  the 
increase  in  matrix  ductility  resulted  in  the  almost  total  absence  of  matrix  cracks. 

The  current  research  is  the  first  report  to  document  the  effect  of  this  increased 
ductility  on  the  fatigue  lives  of  SCS-6/Ti-l  5-3.  The  enhanced  ductility  of  the  brittle 
reaction  zone  is  a  significant  finding,  since  the  cracks  emanating  from  these  regions  have 
been  found  in  the  current  research,  and  in  much  of  the  literature,  to  be  the  primary  cause 
of  fatigue  crack  nucleation  in  titanium  based  MMCs.  Thus,  the  increased  ductility  resulted 
in  the  delayed  onset  of  matrix  cracking,  and  the  much  larger  crack  pitch  of  the  matrix 
cracks  (i.e.  cracks  were  few  in  number).  These  mechanisms  resulted  in  enhanced  fatigue 
life  of  the  tested  MMC  under  tension-compression  fatigue  condition  at  elevated 
temperature. 
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In  addition  to  the  delayed  onset  and  reduced  occurrence  of  matrix  cracking,  the 
extremely  well  defined  planar  slip  which  occurred  often  at  room  temperature  became 
much  more  diffused  at  higher  temperature  (Fig.  94).  This  can  be  explained  by  the 
increased  atomic  mobility  of  the  slip  mechanism  at  higher  temperature.  At  rorxn 
temperature,  the  slip  mechanism  results  from  dislocation  motion  along  an  atomic  lattice 
network.  New  dislocations  which  form  in  the  vicinity  move  along  these  previously 
deformed  paths  since  this  requires  a  minimum  amount  of  energy.  Thus,  under  fatigue 
loading,  the  resulting  slip  band  becomes  very  well  defined  due  to  the  repetitive  nature  of 
the  dislocation  motion.  In  contrast,  at  higher  temperatures,  the  atomic  mobility  is 
increased,  and  the  dislocations  are  po  longer  ctxifmed  to  previously  deformed  lattices. 

This  results  in  slip  which  is  much  less  defined  at  high  temperature.  This  transition  from 
planar  to  diffused  slip  at  elevated  temperature  was  also  observed  by  Newaz  and  Majumdar 
(37)  in  their  elevated  temperature  monotonic  testing  of  the  [0/90)2,  laminate.  Figure  94 
illustrates  the  difference  in  the  planar  and  diffused  slip  seen  at  room  and  elevated 
temperatures,  respectively.  Note  the  very  distinct  slip  bands  emanating  from  the  matrix 
crack  in  the  TC  RT  photomicrograph,  as  compared  to  the  white  regions  surrounding  the 
matrix  crack  in  the  TC  HT  photomicrograph. 
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Figure  94.  Planar  vs.  Diffused  Slip,  445  TC  RT  (top)  and  370  TC  HT  (bottom) 
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Overall  Comparison:  TC  RT,  TT  RT,  TC  HT 

The  three  load  cases  examined  in  diis  study  represent  three  veiy  distinctly  different 
loading  conditions,  which  in  turn  result  in  differences  in  the  respective  fatigue  lives,  or  SN 
curves.  On  a  maximum  stress  basis,  the  TT  RT  condition  yielded  the  longest  fatigue  lives. 
The  TC  RT  condition  yielded  the  shortest  fatigue  lives,  with  the  TC  HT  condition 
resulting  in  similar  fatigue  lives  in  the  high  stress  range,  but  with  longer  lives  in  die 
intermediate  stress  range.  The  shorter  fatigue  lives  of  the  TC  specimens  as  compared  to 
the  TT  specimens  was  found  to  be  caused  by  the  additional  damage  sites  which  resulted 
from  the  superposition  of  the  compression  portion  of  the  load  cycle. 

However,  on  a  stress  range  basis,  the  TC  RT  and  TC  HT  specimens  had  much 
longer  lives  than  the  TT  RT  specimens.  This  was  found  to  be  due  to  the  detrimental  mean 
stress  effects  present  in  the  TT  RT  load  case.  The  strain  range  basis  yields  a  similar 
comparison.  The  most  promising  comparison  between  the  three  cases  is  that  of  the 
effective  strain  range.  The  effective  strain  range  vs  fatigue  life  data,  and  the 
corresponding  best  fit  line  and  fatigue  scatterband  are  plotted  in  Fig.  95.  The  data,  with 
the  exception  of  two  points,  falls  within  the  scatterband.  Thus,  it  is  suggested  that  the 
effective  strain  range  is  a  good  parameter  for  comparing  fatigue  lives  under  different 
loading  conditions. 

METCAN  Analysis 

METCAN  is  a  FORTRAN  computer  code  which  was  designed  to  perform  both 
linear  and  nonlinear  analysis  of  fiber  reinforced  metal  matrix  composites.  The  code  uses  a 
multi-cell  model  (MCM)  composed  of  a  unique  set  of  micro  mechanics  equations 
developed  by  Hopkins  and  Chamis  (17)  for  analyzing  MMCs  at  hi^  temperatures. 
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Figure  95.  Effective  Stress  Range  SN  Curve:  TC  RT,  TT  RT,  TC  HT 


The  building  block  of  the  MCM  is  the  unit  ceil,  which  is  brdcen  down  into  duee  sid> 
regions  in  an  effort  to  characterize  the  dirough-the-thickness  non  uniformity  of  structure 
and  ccmstituent  material  properties  (Fig.  96).  Using  the  complete  set  of  micromechanic 
equatirms  which  can  be  found  in  (16),  the  program  determines  the  microstresses  for  the 
fiber  and  matrix  r^ons,  which  will  be  used  in  the  following  discussions. 

Several  assumptions  are  made  in  the  code  which  are  important  to  keep  in  mind.  It  is 
assumed  that  all  fibers  within  a  ply  are  continuous  and  parallel,  that  the  properties  of  all 
fibers  are  identical,  and  that  complete  bonding  exists  between  the  fiber  and  matrix  (17:4). 
Although  these  assumptions  simplify  the  code,  they  contribute  to  differences  in  the 
predicted  laminate  properties  as  compared  to  the  experimental  values.  For  example, 
METCAN  generated  a  Young's  modulus  of  150  GPa  for  the  [0/90]],  laminate,  a  twelve 
percent  difference  from  the  experimental  value  of  133  GPa. 
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Figure  96.  METCAN  Unit  Cell  Model 


Addititmally,  the  initial  stress  state  of  the  MMC  before  fatigue  testing,  must  be 
understood.  Most  MMCs  axitain  significant  residual  stresses  due  to  the  coefficient  of 
thermal  expansion  (CTE)  mismatch  between  the  matrix  metal  and  fiber,  termed  die  "CTE 
mismatdi-induced  thermal  stress"  (50:101).  In  the  SCS-6/Ti-lS-3  MMC  system,  the 
matrix  CTE  is  larger  than  that  of  the  fiber.  Thus,  when  die  fiber  and  matrix  are  cooled 
from  the  stress-free  fabrication  temperature  of  815**  C  (28, 45)  to  room  temperature,  the 
(theoretically)  unrestrained  constituents  contract  differendy  (Fig.  97).  However,  the  fiber 
and  matrix  are  bonded  together,  and  thus,  must  contract  the  same  amount  (equilibrium 
state  in  Fig.  97).  This  results  in  a  tensile  residual  stress  state  for  the  matrix  matoial,  and  a 
compressive  residual  stress  state  for  the  fiber,  both  axially  and  radially.  A  consequence  of 
these  residual  stresses  is  that  micro-yidding  may  occur  before  macroscqiic  yield  when  the 
laminate  is  loaded  mechanically  (37).  The  residual  stresses  calculated  by  METCAN,  using 
specified  material  properties  which  are  found  in  die  DATABANK  file  (Appendix  C),  are 
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presented  in  Table  / .  The  residual  stresses  fcM-  the  0°  and  90**  fibm  and  surrcxindiitg 
matrix  are  i(tentical. 


Table  7.  Residual  Stresses  at  Room  Tern 


Axid 
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TC  RT  vs.  TT  RT.  Comparison  of  the  fiber  and  matrix  micro  stresses  for  die  TC  RT 
and  TT  RT  load  cases  result  in  rimilar  comparisons  as  the  actual  expaimental  data.  Chi  a 
maximum  fiber  and  matrix  stress  basis,  the  TT  fatigue  lives  are  longer  than  the  TC  (Figs. 
98  and  99).  Of  particular  interest,  howevo-,  is  that  for  the  600  TT  and  TC  cases,  the 
matrix  stress  is  af^roximatdy  70  percent  of  die  yield  stress.  Thus,  as  damage  initiates  and 
progresses  within  the  specimen  during  fatigue  cycling,  it  is  clear  that  matrix  stresses  will 
eventually  exceed  the  yield  stress  d  die  matrix. 

A  fiber  and  matrix  stress  range  criterimi  again  yields  a  similar  comparison  to  the 
experimental  results.  Figures  100  and  101  clearly  show  that  on  a  stress  range  basis,  the 
TC  specimens  have  longer  lives  than  the  TT  specimens. 
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Figure  98.  Maximum  Fiber  Stress  vs.  Fatigue  Life:  TC  RT  vs.  TT  RT 
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Figure  1 00.  Fiber  Stress  Range  vs.  Fatigue  Life:  TC  RT  vs.  TT  RT 
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A  TTRT  ■  TCRT 

Figure  101.  Matrix  Stress  Range  vs.  Fatigue  Life:  TC  RT  vs.  TT  RT 

TC  RT  vs.  TC  HT.  Constituent  stress  analysis  for  the  RT  and  HT  cases  reveals  the 
effect  of  the  fiber  and  matrix  residual  stress  rdaxation  due  to  the  devated  test 
temperature.  The  residual  stresses  at  427°  C  and  the  p«cent  decrease  of  diese  stresses 
from  room  temperature  are  tabulated  in  Table  8.  The  material  property  and  samite  input 
file  are  found  in  ^)pendix  C. 

The  relaxaticm  of  the  fiber  compresave  readual  stresses  at  HT  results  in  higher 
maximum  fiber  stresses  for  equivalent  applied  loads.  This  is  ^own  in  Fig.  102,  in  vdiich 


Table  8.  Residud  Stresses  at  427°  C 


Stress* 

Fiber 

(%  reductitm  frcrni  RT) 

Matrix 

(%  reduction  from  RT) 

Axitd 

-168.35(59.01) 

56.01  (59.30) 

Transverse 

-37.77(55.46) 

109.53  (57.07) 

Through  the  Thickness 

-65.35  (56.85) 

94.80(56.85) 

1  *  Stress  units  are  MPa  I 
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the  maximum  fiber  stress  is  plotted  as  a  function  o£  q)ecimen  fatigue  life.  Hiis  increased 
fiber  stress  did  not  seem  to  effect  the  ecperimoital  results. 

The  relaxation  of  the  tensile  residual  stresses  on  the  matrix  yields  lower  maximum 
matrix  stresses  for  the  HT  specimens  than  fmr  the  RT  specimois  (Fig.  103).  This  may  hdp 
to  explain  the  Irniger  fatigue  lives  of  the  HT  specimens  fatigued  in  the  intermediate  stress 
range. 

On  a  fiber  stress  range  bans,  the  RT  and  HT  SN  curves  cmiverge  at  the  higher 
stress  levels,  but  diverges  at  the  intermediate  to  lower  stress  levels  (Fig.  104).  This  is  in 
direct  correlation  to  the  experimental  data,  indicating  again  that  fatigue  is  dominated  in  the 
high  stress  regime  of  the  SN  curve. 

On  a  matrix  stress  range  ba«s,  die  two  curves  seem  to  cmiverge  in  all  regimes  of 
failure  (Fig.  105).  Thus,  it  may  be  argued  diat  since  the  matrix  stress  range  is  equivaloit 
at  RT  and  HT,  the  increased  ductility,  which  is  not  modeled  in  the  METCAN  code,  is  the 
reason  for  the  extended  lives  of  the  HT  specimens  at  intermediate  stress  levels. 


Figure  102.  Maximum  Fiber  Stress  vs.  Fatigue  Life;  TC  RT  vs.  TC  HT 
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■  TCRT  o  TCHT 


Figure  105.  Matrix  Stress  Range  vs.  Fatigue  Cycles:  TC  RT  vs.  TC  HT 


Comparisons  of  Results  With  Previous  Studies 

As  mentioned  earlier,  there  exists  a  lack  of  tension-compression  data  for  MMCs  in 
general,  and  also  fw  SCS-6/Ti-lS-3,  thus,  no  comparison  can  be  made  of  the  current  TC 
RT  or  TC  HT  data.  However,  mote  data  exists  fOT  the  more  common  tensicHi-tension 
loading  condition.  Figure  106  ctxnpares  fatigue  life  data  of  the  (present  study  with 
previous  studies,  plotted  on  a  maximum  stress  basis,  for  both  room  temperature  and  high 
temperature  (427*’  C)  tension-torsion  fatigue  at  R-ratio  =  0.1. 

Several  observations  can  be  made  frmn  this  figure.  First,  the  agreement  is  excdlent 
between  Johnson  etaL's  (21, 22)  room  temperature  data  and  the  current  TT  RT  data. 
Furthermore,  the  current  data  is  a  significant  addition  to  Johnson  et  al.%  since  didr  weak 
spanned  a  very  small  portion  of  die  SN  curve  in  comparismi  to  the  current  data,  with 
fatigue  lives  from  5,000  to  40,000  cycles  only.  Additionally,  Fortner's  (40)  hi^ 
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Figure  106.  Maximum  Stress  Tension-Tension  SN  Curve 


temperature  data  reveals  fatigue  lives  shorter  than  the  room  temperature  fatigue  lives  at 
equivalent  stress  levels.  This  is  very  interesting,  as  it  inchoates  diat  the  exten«on  of  fatigue 
life  at  elevated  temperature  (observed  in  the  370  and  300  MPa  TC  HT  tests)  does  not 
occur  in  tension-tension  loading. 

The  TC  RT,  TT  RT,  and  TC  HT  fatigue  life  data  from  the  current  work  are  plotted 
together  with  neat  (unreinforced)  matrix,  and  unidirectional  (volume  fraction  0.  IS  and 
0.35)  fatigue  life  data  (32)  in  Fig.  107.  This  figure  indicates  that  the  fatigue  life  data 
converges  for  the  unidirectional  laminates  with  different  vcdume  fractions.  However,  the 
cross-ply  fatigue  lives  are  much  shorter  in  comparison  to  unidiiecdotial  laminate  at  any 
given  strain  range.  It  is  obvious  that  the  damage  which  is  initiated  by  the  90**  plies  of  tfte 
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Figure  107.  Effective  Strain  Range  SN  Curve 


cross-ply  laminate  causes  the  shorter  fatigue  lives.  It  is  also  evident  that  for  all  strain 
ranges,  the  cross-ply  lamii^ate  has  shorter  fatigue  lives  than  the  neat  matrix.  This  again 
can  be  attributed  to  the  presence  of  the  90°  fibers. 
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VI.  Conclusions  and  Recommendatimts 


The  puq)ose  of  this  study  was  to  extend  the  existing  knowledge  of  fatigue  damage 
mechanisms  for  the  SCS-6A'i- 1 S-3  MMC  under  fatigue  loading.  Due  to  the  complexities 
associated  with  tension-compression  fatigue  testing,  very  litde  data  has  been  published  for 
this  load  condition.  This  is  the  first  known  research  to  be  performed  on  a  MMC  under 
load  controlled,  fully-reversed  tension-compression  fatigue. 

The  effects  of  the  tension-compression  fatigue  condition  were  made  based  on  the 
comparison  with  tensirm-tension  fatigue  data  also  performed  in  this  study.  It  was  found 
that  on  a  maximum  stress  basis,  the  tensicxi-compression  specimens  had  shorter  lives  than 
the  tension-tension  specimens.  This  was  due  to  additional  damage  and  plasticity  sites 
which  existed  only  in  the  tension-compression  load  case.  However,  on  a  stress  range 
basis,  the  tension-compression  fatigue  lives  were  longer  than  the  tensitxi-tensicx)  fatigue 
lives.  This  was  found  to  be  caused  by  the  tensile  mean  stress  effects.  The  most  promising 
comparison  of  fatigue  lives  between  the  two  cases  was  found  to  be  based  on  the  effective 
striun  range,  in  which  the  strsun  range  for  the  tension-compression  case  was  divided  by  a 
factor  of  two  and  compared  to  the  strain  range  of  the  tension-tension  load  case. 

The  effects  of  an  isothermal  elevated  temperature  of  427®  C  (Hi  the  tension  - 
compression  fatigue  of  this  MMC  was  also  investigated.  It  was  found  that  in  the  fiber 
dominated  region  of  the  SN  curve,  the  fatigue  lives  at  r(x>m  and  elevated  temperature 
converged,  but  at  intermediate  stress  ranges,  the  elevated  temperature  fatigue  lives  were 
actually  longer  than  the  rixim  temperature  fatigue  lives.  This  behavior  was  caused  by  the 
increased  ductility  of  the  fiber-matrix  reaction  zone,  which  in  turn  delayed  the  onset  of  the 
matrix  cracking  which  dominated  this  portion  of  the  SN  curve. 

Several  milestones  were  overcome  just  to  perform  the  tension-compression  fatigue 
tests,  and  thus  are  significant  contributions  to  future  of  tension-ccnnpression  testing; 
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•  A  dogbone  specimen  was  designed  which  successfully  failed  in  the  gauge  length. 

•  A  buckling  guide  was  designed  for  use  in  tension-compression  fatigue  which 
successfully  prevented  excessive  buckling  while  also  allowing  the  specimen  to  strain  in 
an  unrestricted  manner.  Aldiough  several  buckling  guide  designs  have  been  used 
successfully  in  monotonic  tensioi,  the  AFIT  Buckling  Guide  is  the  first  of  its  type  to 
be  used  in  fatigue  testing. 

In  addition  to  the  tension-compression  test  results,  the  tension-tension  results  are 
also  contributions  to  the  published  fatigue  data.  Most  existing  tension-tension  fatigue  data 
for  the  [0/90]],  laminate  consists  of  fatigue  lives  only  up  to  40,000  cycles.  However, 
structural  design  with  this  material  will  require  a  complete  understanding  of  fatigue  lives 
well  in  excess  of  this  amount.  The  current  research  extended  the  tension-tension  SN  curve 
from  40,000  to  nearly  2  million  cycles. 

Although  this  work  has  made  significant  contributions  to  the  understanding  of  the 
behavdor  of  the  material  under  tension-compression  fatigue  both  at  room  and  high 
temperatures,  it  is  only  a  small  piece  of  a  much  larger  picture.  Much  testing  will  be 
required  to  attain  a  complete  characterization  of  this  material  system  in  fatigue  loading 
conditions.  For  instance,  to  completely  understand  the  effect  of  the  R-ratio  on  the  fatigue 
response  of  MMCs,  it  will  require  extensive  testing  at  many  different  R-ratios. 
Additionally,  the  effect  of  elevated  temperature  of 427°  C  has  been  found  to  extend  the 
tension-compression  fatigue  lives  in  the  intermediate  stress  ranges;  will  this  occur  in 
tension-tension  fatigue?  If  so,  at  what  temperature  will  this  effect  stop?  These  and  many 
other  questions  must  be  answered  before  MMCs  can  be  fully  utilized. 
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Appendix  A:  Euler  Buckling  Analysis 


The  critical  Euler  Buckling  load  is  defined  as: 


2  2  - , 
n  n  -E-l 


cr 


where:  I(w.t) 


wr  w=  1^7  cm 

»2  t  =  0.1778  cm 

n  =  4  (fixed-fixed  boundary  condition) 
E  =  122  GPa 


Thus,  the  critical  buckling  length,  to  be  compart  to  the  specimen  gage  length,  is: 


Lcf(w,t)  = 


nW-E-K^.t) 


cr 


This  critical  buckling  length  at  various  i^lied  stresses  is  plotted  below: 


Buckling 
Length  (cm) 


Buckling  Length  (cm)  vs.  Applied  Stress  (MPa) 

The  2.54  cm  (one  inch)  gage  length  used  for  the  RT  testing  is  well  below  the  critical 
buckling  length  in  all  cases. 


Appenbx  B:  Dogbone  Specimen  Sizing 


R»  Radius  of  Curvature  in  mm: 


20  29  38  47  S6  63  74  83  92  101  110 


—  wg  =  5.08  mm  (0.2") 

■  wg- 7.62  mm  (0.30") 

—  wg- 9.9  mm  (0.39") 

Shouloer  Radius  (mm)  vs.  Gage  Length  Between  Grips  (nmi) 

A  reduced  width  of  5.08  mm  (0.2")  was  chosen  for  die  dogbone  specimen  which  had  101.6  mm  (4") 
between  the  grips: 
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AppmUxC:  METCANFiks 


Room  Temperature  DATABANK.DAT File 

•CM  azLzcoH  eutazM  rzsn.  mm  i»»3. 

FP  1  0.551E-02  O.llOE^^OO  0.487E4'04 

FE  O.S73E+08  0.573E+08  0.2S0E«^00  0.250E4'00  0.238E«'08  0.23eE«08 
FT  0.270E-05  0.270E-05  0.750E+00  0.75W5<-00  0.290E*00 
FS  O.SOOE+06  0.6S0E+06  0.500E«06  0.6S0E«^06  0.300Et06  0.300E*06 


SIGFO  0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

DOTFO  0 . 0 

0.0 

0.0 

0.0 

0.0 

0.0 

EXPONENTS  *0.00 

*0.00 

*0.00 

*0.00  *0.00 

*0.00  *0.00 

♦  0.00 

*0.00 

*0.00 

EXPONENTS  *0.00 

*0.00 

*0.00 

*0.00  *0.00 

*0.00  *0.00 

*0.00 

*0.00 

*0.00 

EXPONENTS  *0.00 

*0.00 

*0.00 

*0.00  *0.00 

*0.00  *0.00 

*0.00 

*0.00 

*0.00 

EXPONENTS  *0.00 


ms  TZTMZtM  MATSZX.  MM  1SS3. 

MP  0.172E  00 

ME  0.133E  08  0.360E  00  0.540E-05 
MT  0.390E  00  0.120E  00 

MS  0.130E  06  0.130E  06  0.910E  OS  0.120E  00  0.120E  00  0.120E  00  Q.120E  00 
MV  0.019E  00  0.300E  04 


SIGMO 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

SIGMO 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

SIGMO 

0.0 

0.0 

0.0 

0.0 

0.0 

OOTMO 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

DOTMO 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

dotmo 

0.0 

0.0 

0.0 

0.0 

0.0 

EXPONENTS 

*0.00 

*0.00 

*0.00 

*0.00  *0.00 

*0.00  *0.00 

*0.00 

*0.00 

*0.00 

EXPONENTS 

*0.00 

*0.00 

*0.00 

*0.00  *0.00 

*0.00  *0.00 

*0.00 

*0.17 

*0.00 

EXPONENTS 

*0.00 

*0.00 

*0.00 

*0.00  *0.00 

*0.00  *0.00 

*0.00 

*0.00 

*0.00 

EXPONENTS 

*0.00 

Hig^  Temperature  DATABANK.DAT File 

•CM  azucoM  cMMZoi  pzam.  aoo  1993. 

FP  1  0.55’E-02  O.llOEtOO  0.487E*04 

FE  0.573E+08  )73E*08  0.250E+00  0.250E+00  0.238E+08  0.238E+08 

FT  0.270E-05  0.270E-05  0.750E+00  0.750E+00  0.290E*00 

FS  0.S00E*06  0.6S0E*06  0.500E*06  0.6S0E*06  0.300E*06  0.300E*06 


SIGFO 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

DOTFO 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

EXPONENTS 

+0.00 

*0.00 

*0.00 

*0.00  *0.00 

*0.00  *0.00 

*0.00 

*0.00 

*0.00 

EXPONENTS 

*0.00 

*0.00 

*0.00 

*0.00  *0.00 

*0.00  *0.00 

*0.00 

*0.00 

*0.00 

EXPONENTS 

*0.00 

♦  0.00 

*0.00 

*0.00  *0.00 

*0.00  *0.00 

*0.00 

*0.00 

*0.00 

EXPONENTS  *0.00 


TZ15  TZTMZOM  MMaZZ.  AOO  1993. 

MP  0.172E  00 

ME  0.109E  08  0.360E  00  0.S40E-05 
MT  0.390E  00  0.120E  00 

MS  0.130E  06  0.130E  06  0.910E  OS  0.120E  00  0.120E  00  0.120E  00  0.120E  00 
MV  0.019E  00  0.300E  04 


SIGMO 

0.0 

0.0  0.0 

0.0 

0.0 

0.0 

0.0 

SIGMO 

0.0 

0.0  0.0 

0.0 

0.0 

0.0 

0.0 

SIGMO 

0.0 

0.0  0.0 

0.0 

0.0 

DOTMO 

0.0 

0.0  0.0 

0.0 

0.0 

0.0 

0.0 

DOTMO 

0.0 

0.0  0.0 

0.0 

0.0 

0.0 

0.0 

DOTMO 

0.0 

0.0  0.0 

0.0 

0.0 

EXPONENTS 

*0.00 

*0.00 

*0.00  *0.00  *0.00 

*0.00  *0.00 

*0.00 

*0.00 

*0.00 

EXPONENTS 

*0.00 

*0.00 

*0.00  *0.00  *0.00 

*0.00  *0.00 

*0.00 

*0.17 

*0.00 

HI 


Sample  TC  HT  Input  File 


SAMPLE  INPUT  DATA  FOR  METCAN,  TENSION-COMPRESSION  FATIGUE  LOAD  =  600  MPA 
S  Note  that  all  data  is  in  English  units:  dimensions  are  in  inches, 

$  stresses  are  in  ksi.  For  further  info,  see  user’s  manual. 

$  No  postprocessing  file  requested 
$  Isothermal  Loading 
POST  F 


LDDIST  F 

S  Ply  configuration  details 


PLY 

1 

1 

.0 

0.00875 

PLY 

2 

1 

90.0 

0.00875 

PLY 

3 

1 

.0 

0.00875 

PLY 

4 

1 

90.0 

0.00875 

PLY 

5 

1 

90.0 

0.00875 

PLY 

6 

1 

.0 

0.00875 

PLY 

7 

1 

90.0 

0.00875 

PLY 

8 

1 

.0 

0.00875 

Material 

Details 

found 

in  DATABANK.DAT 

MATCRD 

1 

.350 

.0 

SCS6T115 

No  cyclic 

degradation 

effects 

CYCLES  .1E»01  1. 

$  Output  requests 

PRINT  MICRO  Output  request  for  current  microstresses  (Option  28) 

PRINT  LDSTEP  Output  request  for  load  step  details  (Option  29) 

PRINTOPT  ALL 

$  Note  that  "PRINTOPT*  card  is  optional;  Default  is  full  print  report 
S  Interface  details 
INTRFACE  0  . 05 

S 

$  Simplified  Table  Input;  NSEG  =  -5 
TMLOAD  -5 

$  The  first  load  step  is  merely  the  manufacturing  cool  down  from  815  C, 

S  or  1499  F,  to  room  temperature  of  75  F.  The  first  two  numbers  represent 
$  the  start  time,  end  time,  and  the  number  of  increments 

0.0  10800.  1 

$  Process  temperature 


1499. 

1499.  1499. 

1499. 

1499. 

1499. 

1499. 

1499. 

S  Room  temperature 

75. 

75. 

75. 

75. 

75. 

75. 

75. 

75. 

$  No  mechanical  loads 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

S  Second 

Load  step 

:  heat 

to  testing  temperature. 

no  mechanical 

10800. 

14400. 

1 

75. 

75. 

75. 

75. 

75. 

75. 

75. 

75. 

800. 

800. 

800. 

800. 

800. 

800. 

800. 

800. 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

$  Third  Load  step: 

apply 

full  tension  ! 

load,  note 

!  that 

the  load 

$  which 

1  is  the  (stress 

X  laminate  thic)cness). 

units 

=  lb/ in 

14400. 

14800. 

1 

800. 

800. 

800. 

800. 

800. 

800. 

800. 

800. 

800. 

800. 

800. 

800. 

800. 

800. 

800. 

800. 

0. 

0. 

0. 

0.0 

0.0 

0.0 

0.0 

0.0 

6091. 

0. 

0. 

0.0 

0.0 

0.0 

0.0 

0.0 

$  Fourth 

Load  step 

:  apply 

full 

compression  load 

14800. 

15200. 

1 

800. 

800. 

800. 

800. 

800. 

800. 

800. 

800. 

800. 

800. 

800. 

800. 

800. 

800. 

800. 

800. 

6091. 

0. 

0. 

0.0 

0.0 

0.0 

0.0 

0.0 

-6091. 

0. 

0. 

0.0 

0.0 

0.0 

0.0 

0.0 

$  Fifth 

Load  step 

:  bring 

load 

bac)c  to 

zero 

15200. 

15600. 

1 

800. 

800. 

800. 

800. 

800. 

800. 

800. 

800. 

800. 

800. 

800. 

800. 

800. 

800. 

800. 

800. 

-6091. 

0. 

0. 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 
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Sampie  TC  RT  Input  File 

SAMPLE  INPUT  DATA  FOR  METCAN,  TC  RT,  Stress  =  600  MPa 
$  No  postprocessing  file  requested 
POST  F 

LODI  ST  F 

$  Ply  configuration  details 


PLY 

1 

1 

.0 

0.00875 

PLY 

2 

1 

90.0 

0.00875 

PLY 

3 

1 

.0 

0.00875 

PLY 

4 

1 

90.0 

0.00875 

PLY 

5 

1 

90.0 

0.00875 

PLY 

6 

1 

.0 

0.00875 

PLY 

7 

1 

90.0 

0.00875 

PLY 

8 

1 

.0 

0.00875 

$  Material 
MATCRD 

Details 

1 

.350 

.0 

SCS6TH5 

$  No  cyclic  degradation  effects 
CYCLES  .1E*01  1. 


S  Output  requests 

PRINT  MICRO  Output  request  for  current  microstresses  (Option  28) 

PRINT  LOSTEP  Output  request  for  load  step  details  (Option  29) 

PRINTOPT  ALL 

S  Interface  details 
INTRFACE  0  .05 

$  Simplified  Table  Input;  NSEG  =  -4 
TMLOAD  -4 


0.0 

loeoo. 

1 

1499. 

1499. 

1499. 

1499. 

1499. 

1499. 

1499. 

1499 

75. 

75. 

75. 

75. 

75. 

75. 

75. 

75. 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

10800. 

14400. 

1 

75. 

75. 

75. 

75. 

75. 

75. 

75. 

75. 

75. 

75. 

75. 

75. 

75. 

75. 

75. 

75. 

0. 

0. 

0. 

0.0 

0.0 

0.0 

0.0 

0.0 

6091. 

0. 

0. 

0.0 

0.0 

0.0 

0.0 

0.0 

14400. 

14800. 

1 

75. 

75. 

75. 

75. 

75. 

75. 

75. 

75. 

75. 

75. 

75. 

75. 

75. 

75. 

75. 

75. 

6091. 

0. 

0. 

0.0 

0.0 

0.0 

0.0 

0.0 

-6091. 

0. 

0. 

0.0 

0.0 

0.0 

0.0 

T.O 

14800. 

15200. 

1 

75. 

75. 

75. 

75. 

75. 

75. 

75. 

75. 

75. 

75. 

75. 

75. 

75. 

75. 

75. 

75. 

-6091. 

0. 

0. 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 
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Sample  TC  RT  Input  File 

SAMPLE  INPUT  DATA  FOR  METCAN,  TT  RT,  Stress  r  600  MPa 
$  No  postprocessing  file  requested 
POST  F 

LDDIST  F 

$  Ply  configuration  details 


PLY 

1 

1 

.0 

0.00875 

PLY 

2 

1 

90.0 

0.00875 

PLY 

3 

1 

.0 

0.00875 

PLY 

4 

1 

90.0 

0.00875 

PLY 

5 

1 

90.0 

0.00875 

PLY 

6 

1 

.0 

0.00875 

PLY 

7 

1 

90.0 

0.00875 

PLY 

8 

1 

.0 

0.00875 

S  Material 
MATCRD 

Details 

1 

,350 

.0 

3CS6TI15 

$  No  cyclic  degradation  effects 
CYCLES  .lE+01  1. 


$  Output  requests 

PRINT  MICRO  Output  requesc  for  current  microstresses  (Option  28) 

PRINT  LDSTEP  Output  request  for  load  step  details  (Option  29) 

PRINTOPT  ALL 

$  Interface  details 
INTRFACE  0  .05 

S  Simplified  Table  Input:  NSEG  =  2 
TMLOAD  -6 


0.0 

10800. 

1 

1499. 

1499. 

1499. 

1499. 

1499. 

1499. 

1499. 

1499 

75. 

75. 

75. 

75. 

76. 

75. 

75. 

75. 

0.0 

0.0 

10800. 

10840. 

1 

75. 

75. 

75. 

75. 

75. 

75. 

75. 

75. 

75. 

75. 

75. 

75. 

75. 

75. 

75. 

75. 

0. 

0. 

0. 

0.0 

0.0 

0.0 

0.0 

0.0 

609. 

0. 

0. 

0.0 

0.0 

0.0 

0.0 

0.0 

10840. 

11200. 

1 

75. 

75. 

75. 

75. 

75. 

75. 

75. 

75. 

75. 

75. 

75. 

75. 

75. 

75. 

75. 

75. 

609. 

0. 

0. 

0.0 

0.0 

0.0 

0.0 

0.0 

6091. 

0. 

0. 

0.0 

0.0 

0.0 

0.0 

0.0 

11200. 

11560. 

1 

75. 

75. 

75. 

75. 

75. 

75. 

75. 

75. 

75. 

75. 

75. 

75. 

75. 

75. 

75. 

75. 

6091. 

0. 

0. 

0.0 

0.0 

0.0 

0.0 

0.0 

609.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

11560. 

11920. 

1 

75. 

75. 

75. 

75. 

75. 

75. 

75. 

75. 

75. 

75. 

75. 

75. 

75. 

75. 

75. 

75. 

609. 

0. 

0. 

0.0 

0.0 

0.0 

0.0 

0.0 

6091.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

11920. 

12280. 

1 

75. 

75. 

75. 

75. 

75. 

75. 

75. 

75. 

75. 

75. 

75. 

75. 

75. 

75. 

75. 

75. 

6091. 

0. 

0. 

0.0 

0.0 

0.0 

0.0 

0.0 

609.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 
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